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ABSTRACT

Neural and epithelial cadherin are adhesion proteins intensely studied by our lab. Although
the sequence, structure, and conformation are similar for the two cadherins, there are several
physical properties that differ: dimerization affinity, dimerization kinetics, intermediate structure,
and critical residues for dimerization. In the presence of calcium, cadherins are in equilibrium
between monomeric and dimeric states, and the scope of this thesis focuses on monomeric
cadherin. These molecular dynamics evaluations are based on the testing of specific hypotheses
regarding the intramolecular interactions of neural and epithelial cadherin. We particularly focus
on interactions involving critical residues at the N-terminus of the proteins, the hydrophobic core
residues, and the ionic surface area.
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PREFACE
The purpose of this thesis work is to study and model cadherin protein dynamics to explain
physically observed phenomena. In order to understand the small scale interactions that contribute
to cadherin dimerization, the Pedigo lab established a collaboration with Dr. Robert J. Doerksen's
laboratory to perform molecular dynamics studies on static, crystallographic, monomeric cadherin.
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CHAPTER I
INTRODUCTION
Cadherins mediate cell-cell adhesion through adherens junctions, structures that indirectly
link the actin cytoskeletons of adherent cells. Epithelial cadherin (ECAD) and neural cadherin
(NCAD) are the most well-studied members of the classical cadherin family because they have
important roles in development and cell-to-cell signaling [1-4]. Improper expression or specific
mutations can promote the progression of metastatic cancers. Because of the critical role of
cadherins in normal tissue function, our lab is interested in understanding the biophysical driving
forces and kinetics of cadherin-mediated adhesion [5-8]. Our laboratory has devoted recent years
to characterization of the key molecular interactions that drive adhesion. The studies reported in
this thesis describe the first attempts to compare these biophysical studies to the structural data
reported in the literature. In this chapter, I will review the current literature on cadherin structure
and function and highlight the major divides between biophysical and structural studies.
1.1 CADHERINS AND THE ACTIN CYTOSKELETON
Classical cadherins are single polypeptides that span extracellular, transmembrane, and
intracellular regions. The cytoplasmic region is interconnected and cooperative with the actin
cytoskeleton which regulates many cellular processes [9]. The EC domains of ECAD and NCAD
are found in cell-to-cell junctions between neighboring cells. Trans-dimerization occurs between
the N-terminus domain, denoted EC1, of cadherin from opposing cells to create adherens junctions
[10]. Unique to cadherins, adherens junctions are protein complexes comprising cell-cell junctions
1

that have a cytoplasmic component that associates with actin and affect the cellular processes
associated with the cytoskeleton [11].
In adherens junctions, α- and β-catenin are binding proteins that are members of an
adhesion complex interacting with cadherin and actin [12]. In the cytoplasm, β-catenin binds the
ECAD and α-catenin. Actin, which associates with α-catenin, mediates cadherin dimerization via
the cadherin/catenin complex. The actin cytoskeleton regulates processes critical to cellular growth
such as differentiation, motility, division, cellular signaling, and maintenance of cellular junctions
[13-15]. This cadherin/catenin complex facilitates cadherin dimerization, directs cadherin
adhesive strength, and enables cellular communication with the extracellular domains of cadherin
[16-18]. When this complex is impaired or absent, cadherin adhesion is diminished [19].
1.2 CADHERIN’S IMPACT ON HUMAN HEALTH
1.2a Cadherins and Tissue Development
Cadherins have important regulatory roles in cellular differentiation, tissue morphogenesis
and tissue maintenance [1, 20, 21]. Development and differentiation of solid tissues is partly
regulated by N- and ECAD [1]. Initially, ECAD expression dominates in the beginning stages of
gestation; however, NCAD expression dominates during neural development [2]. After formation
of the notochord, the two cadherins increase in expression as development continues. The process
of systematic variation and fluctuation in cadherin expression has direct influence over tissue
differentiation [3, 4, 22].
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1.2b Cadherins and Memory
Cadherin are involved in the maintenance of neural plasticity, and cadherin dysfunction is
detrimental to neural function [4, 22-33]. Presenilin-1 (PS1) is a protein component of the γsecretase complex involved in Alzheimer’s progression [34]. PS1 also forms complexes with Nand ECAD in neuronal cells [35]. In healthy neuronal cells, PS1 stabilizes the ECAD-catenin
complex by binding the cytoplasmic segment of ECAD [36]. This leads to increased stability and
adhesive strength in extracellular domains. Conversely, PS1 takes an apoptotic role in cells
affected by the progression of Alzheimer’s disease. In diseased cells, PS1 induces the γ-secretase
complex to dissociate β-catenin from the cadherin-catenin complex and cleave ECAD EC
domains. This cleavage results in collapsed synaptic junctions, the induction of cellular
apoptosis, and further progression of Alzheimer’s disease [36, 37].
Recently discovered, PS1/γ-secretase has the same cadherin-catenin complex cleavage role
in many types of tumor cells. After dissociation from ECAD due to PS1 cleavage, β-catenin
translocates to the nucleus. Once there, β-catenin triggers transcriptional activators which induce
invasion and metastasis [8].
1.2c Cadherins and Cancer
Cadherins are important adhesive proteins in the progression of cancer metastasis such as
epithelial cell carcinomas. In vitro studies on cells with low cadherin level show an increased
probability for decreased adhesion, invasion of vasculature, and metastasis [5, 7]. Expression of
epithelial cadherin is known to be important in the suppression of tumor growth and invasion in
healthy tissues [38-40]. During the progression of cancer, the ratio of ECAD to NCAD expression
change, and NCAD expression dominates. The switching of ECAD to NCAD dominance in these
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cells increases tumor migration, invasion and, leads to metastasis [41-43].
1.3 CADHERIN STRUCTURE
Neural and epithelial cadherin have the same general structure: an intracellular component
that communicates with cell-signaling proteins within the cytoplasm, a transmembrane region that
anchors the protein in the cell membrane, and an extracellular component that consists of
homologous domains involved in dimerization and necessary for adhesion (Fig. 1.1) [44]. Also
notable, NCAD and ECAD maintain equivalent adhesive interfaces, calcium binding sites,
membrane integration, cytoskeletal interactions, and post-translational processing [45].
As explained, the cytoplasmic domain of these cadherin proteins form cadherin/catenin
complexes that associate with the actin cytoskeleton [9, 12, 46-90]. The cytoplasmic region
contains about 150 amino acid residues and a catenin binding site. Cadherin dimerization in stable
tissues creates tension in the intracellular protein network [51]. This tension then affects actin
association through the cadherin/catenin complex which controls multitudes of cellular processes
at the transcription level. Functional disruption or cleavage of extracellular domains of E- or
NCAD can lead to detrimental intercellular effects that cause cancer [44, 91-93]. Although the
cytoplasmic components of adherens junctions are important in regulating the strength of
extracellular adhesion, complete removal of the cytoplasmic component does not completely
demolish dimerization [94, 95].
N- and ECAD maintain a 50 amino acid transmembrane segment critical in anchoring the
protein to the cell. Mutation studies have shown the transmembrane segment of ECAD is vital to
proper dimerization of extracellular domains [96].
Lastly, the extracellular region consists of five 110 amino acid extracellular (EC) domains
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denoted EC1 to EC5. Each domain is homologous and tandemly repeating, but only EC1 is the
site for cadherin dimerization [97]. The interfacial region between EC domain is a seven amino
acid linker residues contributing critical residues to the three binding sites for calcium ions (see
Fig. 1.1). The EC1 and EC2 domains are the most pertinent to the research in our laboratory and
the topic of this thesis; therefore, a detailed review of the extracellular domains of neural and
epithelial cadherin will be highlighted in the next section.

Figure 1.1. Structure of Classical Cadherin. Classical cadherin extracellular, transmembrane, and cytoplasmic
structure. Adapted from Hazan 2004 [26].
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1.4 EXTRACELLULAR DOMAINS OF CLASSICAL CADHERINS
1.4a Modular Domains
The extracellular component of neural and epithelial cadherin consists of five tandemly
repeating modular domains. Although the primary structure between individual domains vary
greatly, the core alternating β-sheet structure is conserved throughout all five EC domains [97-99].
Reminiscent of an immunoglobin-type fold, these EC domains comprise of seven alternating βsheets that form a barrel structure [100]. The β-sheets orient in a Greek-key motif and are labeled
in descending order from A to G (Fig. 1.2) [101, 102].

Figure 1.2. Greek Key Motif of Cadherins. Left: Crystal structure of NCAD12 (3Q2W.pdb) [103]. This ribbon
structure was prepared using Schrödinger Maestro. Right: Greek motif of EC domains of cadherin [101].

EC1 is the site of the dimerization at the N-terminus while EC5 is proximal to the cellular
membrane at the C-terminus. Cadherin ectodomains orient in a curved shape believed to function
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as an arm (Fig. 1.3) [104, 105]. When two opposing calcium-saturated cadherins are within
physical proximity, the cadherin arms reach toward each other to initiate trans-dimerization (Fig.
1.4). In the first step of dimerization, EC1 from each cadherin protomer orients in a face-to-face
parallel fashion [106]. In the monomer state, tryptophan (W2) is buried deeply into the
hydrophobic pocket of its own EC1. To dimerize, each EC1 βA-sheet from opposing cadherin
proteins extend toward each other and dock W2 into the opposing protomer hydrophobic pocket.
The βA-sheets from each cadherin EC1 swap and cross paths, so dimers are denoted as ‘strandcrossover’ dimers [99, 107].

Figure 1.3. Cadherin Ectodomains. Five extracellular domains of ECAD identified by different colored β-sheets
(3Q2V.pdb) [103]. Each β-sheet is color coded, and calcium ions are represented as pink spheres. This ribbon structure
was prepared using Schrödinger Maestro.
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Figure 1.4. Classical Cadherin Dimerization. Apo cadherin monomer (Mapo) becomes calcium-saturated (Msat) at three
binding site. Calcium saturation induces monomer-dimer equilibrium and formation of strand swapped dimer (Dsat)
[108].

Each EC1 domain has a maximum of two homophilic contacts that contribute to the
strength and structural integrity of cellular adhesion [109]. The first contact homophilic contact is
the EC1:EC1 adhesive trans-dimer, and the second is to EC1 domains in cadherins on the same
cell. Lateral dimerization (cis-dimers) also occurs due to EC1 proximity to neighboring cadherins
[110]. In some cadherins, cis-dimerization is an important facilitator for trans-dimerization [111].
In trans-dimerization, the binding face of EC1 makes trans-contact with the same face of opposing
cadherins; however, the back of each cadherin can still make homophilic contacts with the back of
neighboring domains. This face-to-face/back-to-back arrangement allows cadherin EC1 domains
to orient in a zipper-like structure which contributes to lateral clustering (Fig. 1.5) [18, 109, 112].
Lateral clustering strengthens the integrity of adherens junctions and is shown to facilitate cadherin
communication with the actin cytoskeleton [103].
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Figure 1.5. Lateral Clustering of EC1. Trans-dimerization of multiple domains in proximity contribute to lateral
clustering of cadherin.
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Lastly, conserved within neural and epithelial cadherin is a seven residue linker region that
functions as the interface between each ectodomain. Five of these linker residues contribute to
calcium binding at the domain-domain interface [97]. In the absence of calcium, these linker
residues are flexible and unstable [113]. When cadherin is calcium-saturated, the linker region
becomes rigid and contributes to the overall structural integrity of the cadherin ectodomains (Fig.
1.6). In the presence of calcium, cadherin domains maintain the correct conformation for transdimerization. However, in the absence of calcium, flexible linker regions result in a collapsed, apo
cadherin structure. The resulting collapsed EC domain result in attenuated cadherin dimerization
due to deduced proximity between trans-protomers [113]. Modification by residue addition of
these linker segments causes a decrease in dimerization of N- and ECAD [95, 114]. When these
Ca2+ binding sites are saturated in normally functioning cells, cadherin adhesion is strong and
contributes to cellular stability [115].
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Figure 1.6. Linker Residues in Cadherins. Extended calcium-saturated cadherin domains(left) versus collapsed apo
cadherin domains (right).
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1.5 THE ROLE OF CALCIUM IN CADHERIN FUNCTION
As calcium-dependent adhesion proteins, neural and epithelial cadherin require calcium
ions for proper dimerization and function [45]. Calcium saturation of the binding sites drives
dimerization which, in turn, contributes to cellular signaling and interaction with the actin
cytoskeleton; therefore, calcium binding to the EC region of cadherin directly affects important
cellular processes in the cytoplasm [116]. Twelve different residues participate in calcium binding
at each domain interface through non-covalent interactions, and four of these residues bind more
than one calcium ion (Fig. 1.7) [117]. Similar to the core structure in the five EC domains of Nand ECAD, each calcium binding site is conserved between the domain-domain interface of
domain 1 and 2, 2 and 3, 3, and 4, and 4 and 5 [97]. Once calcium ions are bound, the EC domains
form the curved arm shape and have reduced susceptibility to proteolysis. Calcium elimination
leaves domains connected by flexible linker regions or even lead to complete abolishment of
cadherin-mediated cellular adhesion [118, 119]. Reduction in rigidity or modification of critical
calcium binding residues can be detrimental to domain stability and cellular health [100, 119-122].
Calcium binding affinity and binding sequence are also important for cadherin function.
There are several contributing chelators of calcium in E- and NCAD, and most of these residues
are within the linker region of cadherin (Table 1.1) [117]. The calcium binding affinity of N- and
ECAD are similarly around 25 µM, but the order by which calcium binds is determined to be
critical for dimerization. Calcium at site 3 binds first which triggers binding of calcium to site 1
and 2, and calcium binding at site 1 determines cadherin dimerization [14]. The determination of
sequential calcium binding is important to further highlight the coopertivity of cadherin
components to carry out varying physiological functions.
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Figure 1.7. Residues Contributing to Cadherin Calcium Binding. Calcium-binding residues in NCAD12 each calciumbinding site (3Q2W.pdb) [103]. This ribbon structure was created using Schrödinger Maestro.

Table 1.1 Calcium Binding Residues in NCAD12

EC1

Linker
Region

EC2

Amino
Acids
E11
N12
D67
E69
H2O
H2O
D100
Q101
N102
D103
N104
D134
D136
N143
D195

Site 1

Site 2

1
1
1
1
1
1

1

Site 3

2

1
1
1
1

1

1

1
2
1
1
1

1.6 NEURAL AND EPITHELIAL CADHERIN STRAND-SWAPPED DIMER
Classical cadherins such as NCAD and ECAD have the same method of dimerization, and
there are several factors that affect the monomer-dimer equilibrium [123]. Calcium binding to
monomer cadherin is the critical step in creation of a monomer-dimer equilibrium [104]. In
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monomer form, the N-terminus of apo cadherin is considered “closed” because W2 is deeply
buried into the hydrophobic pocket in EC1 [104]. Upon calcium saturation, cadherin monomer
becomes strained due to two main interactions: E11 chelation of calcium at site 1 and the Nterminus:E89 salt-bridge at the top of EC1 (Fig. 1.8) [108].
When cadherin binds calcium at site 1, E11 participates in chelating the calcium ion [108].
Because E11 is located at the bottom of EC1, chelation of calcium causes the βA-strand to pull
downwards toward the calcium binding sites. On the other hand, there is a salt-bridge interaction
at the top of EC1 between the N-terminus (NH3+) and the carboxylate group of E89. This
interaction pins the N-terminus to the top of EC1 while the calcium binding of E11 pulls the βAstrand in the opposite direction toward the bottom of EC1. The combination of these events induces
strain in the closed monomer due to the geometry of the W2 in the hydrophobic pocket. The
strained monomer becomes energetically unfavorable and primes cadherin for adhesion by strandswapped dimerization [108]. To relieve the strain induced by calcium binding, the βA-strand will
participate in dimerization with a partner protomer by strand-swapping with the partner protomer.
Although W2 undocks from the hydrophobic pocket of the monomer to participate in dimerization,
experiments conducted by our lab shows that W2 is never exposed to solvent in vitro [108]. The
N-terminus then reforms a salt-bridge with E89 of the opposite protomer and W2 docks into the
hydrophobic pocket.
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Figure 1.8. Salt-Bridge Function in Cadherin Monomer-Dimer Exchange. Apo cadherin monomer (Mapo) becomes
calcium-saturated (Msat) at three binding site. The E89:N-terminus salt-bridge is intact at EC1 of the monomer.
Calcium saturation induces monomer-dimer equilibrium and formation of strand swapped dimer (Dsat). E89 and the
N-terminus participate in a salt-bridge interaction on the top of EC1 of strand-swapped partner protomers in the dimer
form.

1.7 THESIS GOALS
The following chapter reviews the experimental data collected by our laboratory which drive
the goals of this thesis. Our lab is interested in exploring computational techniques for assessing
molecular interactions in the monomeric form of neural and epithelial cadherin. We want to use
computational methods to provide insight into a broad range of experimental studies regarding the
molecular basis of dimerization in neural and epithelial cadherin. Lastly, we are interested in using
molecular dynamics to predict the impact of rigidity, stability, mutation behavior, and
electrostatics on N- and ECAD.
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CHAPTER II
BACKGROUND

2.1 MINIMAL FUNCTIONAL UNIT OF CADHERINS
Although there are many structural similarities within the classical cadherin family, there
are critical kinetic differences in adhesive dimer formation by E- and NCAD. Our laboratory
studies the minimum functional unit of E- and NCAD which includes the EC1, linker 1, EC2, and
linker 2 [124]. Linker 1 creates a functional interfacial region between EC1 and EC2, providing
three calcium binding sites [108]. This structure has the necessary properties for dimerization
including the dimerization interface in EC1 and the EC1-EC2 linker region contains three calcium
binding sites (Fig. 2.1). Truncated mouse E- and NCAD to two-domain constructs, called ECAD12
and NCAD12 respectively, were used for these experimental and computational studies.
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Figure 2.1. Minimal Functional Unit of Cadherins. Critical domains in the minimal functional unit of cadherins [40].

2.2 PROPERTIES OF CLASSICAL CADHERINS
2.2a Sequence and Conformation
Although they have different physiological roles, N- and ECAD12 have similar primary,
secondary, and tertiary structures. When comparing the sequence of the two cadherins, N- and
ECAD12 share 81% sequence similarity [125], each domain contains seven β-strands, and the
barrel structure is conserved in every cadherin EC-domain [103, 126]. Fig. 2.2 highlights the
sequence and conformation of N- and ECAD12. Of the 215 residues that comprise EC1 and EC2
of these two cadherins, 128 residues are the same and 18 are similar residues in charge or
characteristics. Although the these cadherins share similarities, our lab has found critical
17

differences in physical chemistry and dimerization kinetics between N- and ECAD12. This
chapter highlights the differences between ECAD and NCAD through discussion of critical
experimental results.

Figure 2.2. Cadherin Sequence and Conformation Comparison. Left: Sequence comparison of NCAD12 (top) with
ECAD12 (bottom). Right: NCAD12 (3Q2W.pdb) and ECAD12 (3Q2V.pdb) ribbon structures superimposed [45].
Prepared with Schrödinger Maestro.

2.2b Rate of Disassembly
Although they maintain similar sequence, conformation, and calcium binding affinity, Eand NCAD12 have vastly different dimerization properties. In neurons, NCAD is found at
excitatory synapses which have relatively large fluctuations in extracellular calcium concentration
[127-131]. Specifically, there is variance in calcium concentration in synapses where NCAD is
found. Conversely, ECAD is found in the inhibitory synapses at dendritic shafts where calcium
concentration is relatively constant [92, 132-134]. Surprisingly, calcium affinity of E- and NCAD
are the same across large ranges of calcium concentration (10-6 to 10-2 M) [123]. It is likely that

18

differences in calcium properties in synapses where N- and ECAD12 are found correlate with the
relation of calcium-dependent dimerization kinetics to calcium presence.
N- and ECAD12 maintain a calcium-dependent equilibrium between monomeric and
dimeric states [135]. In the two cadherins, the addition of calcium increases the dimerization
affinity. Monomer-dimer exchange is rapid for ECAD12 regardless of the calcium presence or
concentration [108]. For NCAD12 monomer-dimer exchange is rapid in the presence of calcium;
however, in the absence of calcium, monomer-dimer exchange depends upon the pathway by
which the apo state is formed. NCAD12 dimer to monomer exchange is slow in the absence of
calcium [123].
An improved way to study cadherin properties based on calcium saturation was necessary
for experimentation, so our lab developed a new analytical technique to measure the concentration
of monomer and dimer cadherin species. NCAD12 has an unusual property in that if a solution of
purified protein is in calcium, and then the calcium is removed, then Dsatd is converted to an apo
dimer (D*apo) that is kinetically trapped (Fig. 2.3) [123]. Due to decalcification, monomer-dimer
exchange is halted and the concentration of monomer and dimer is stable and constant until
calcium is re-introduced to the system. The size exclusion chromatograms in Fig. 2.5 show two
concentrations of NCAD12 (25 µM (gray) and 10 µM(dashed)). Two peaks indicate that dimer
(left) is not in exchange with monomer (right).
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Figure 2.3. Kinetically Trapped Dimer of NCAD12. Analytical SEC of trapped (dashed) cadherin and cadherin in
monomer-dimer equilibrium (solid).

2.2c Physical Chemistry
N- and ECAD12 have significantly different stability in vitro, dimerization affinity, and
kinetics of dimer dissociation [114, 123, 136]. Although dimerization occurs at the EC1:EC1
interface in cadherins, EC2 of N- and ECAD may be responsible for some critical energetic and
kinetic differences between N- and ECAD highlighted in Table 2.1 [137].
Table 2.1 Differences in Stability between ECAD and NCAD
Cadherin

Buffer

ΔHm (kJ mol-1)

Tm (°C)

ΔGº (kJ mol-1),
25ºC

NCAD12

Apo

360 ± 20

45.1 ± 0.2

17 ± 2

1mM Ca2+

400 ± 20

63.3 ± 0.2

28 ± 3

Apo

330 ± 40

33.7 ± 0.4

8±2

1mM Ca2+

280 ± 20

55.2 ± 0.5

13 ± 3

ECAD12

The enthalpy of melting (ΔHm) in apo and calcium-saturated states is higher for NCAD12
than ECAD12. Similarly, the temperature of melting (Tm) is also higher for NCAD12 than
20

ECAD12 in the apo and calcium-saturated states respectively. The change in free energy under
standard conditions is higher for NCAD12 than ECAD12 in the apo and calcium states. This
indicates more heat and energy are required to unfold NCAD12 than ECAD12.
There are several topics to consider regarding cadherin stability. The EC modular domains
are exceptionally stable for having no internal disulfide linkages [137]. The stability of the EC2
module of ECAD [137] and NCAD [123] is reduced by simply including the adjoining linker
segments to the N- and C-termini. This effect is likely electrostatic in nature as since salt-dependent
studies on EC2 constructs resulted in increased stability due to charge shielding. Our lab has also
demonstrated that electrostatic repulsion between protomers decreases dimerization affinity [138].
There are critical EC2 residues that are influential in dimerization and calcium chelation which
will be discussed in later sections.
The CD spectra for thermal denaturation of N- and ECAD12 shows a high thermal stability
for EC1 compared to EC2 (Fig. 2.4). Most notable, NCAD1 has very high thermal stability of
~70ºC and is uninfluenced by calcium concentration.

Figure 2.4. Thermal Denaturation of E- and NCAD12. Thermal denaturation of ECAD12 (blue) and NCAD12 (red)
using Circular Dichroism at 230nm. The midpoint of each transition (EC1, EC2) is represented as a line. NCAD12
has a higher overall melting temperature than ECAD12 in EC2 (first transition) and EC1 (second transition).
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Outlined by denaturation studies, thermal stability of NCAD12 domains is greater than
ECAD12 [123]. Recent data taken by S. Davila in our lab shows that NCAD1 has a unique melting
curve which is very cooperative with a Tm near 70°C (Fig. 2.5; unpublished). The thermal
unfolding data of NCAD1 show that melting and immediate refolding of NCAD1 follow different
paths and that this hyper-stable NCAD1 unfolding profile (Fig 2.5) is linked to the spontaneous
formation of a non-covalent dimer that is kinetically trapped. We expect computational analysis
of the EC domains will bring insight into the exceptional stability of EC1.

Figure 2.5. Stability of NCAD1. CD spectra of 120 µM NCAD1 melting data on day 1 (red) versus day 2 (blue). Both
transitions are the disassembly of dimer followed by unfolding of domain 1. The following were derived from the
Gibbs-Helmholtz equation: Tm = 75.1 ± 0.1°C, ΔHm = 137 ± 7 kcal/mol, and ΔG°= 16 ± 1 kcal/mol at 25 °C.

Lastly, our lab studies the kinetics of in N- and ECAD12 dimerization. These cadherins
share the same calcium binding affinity (Kd= 25 µM), but the calcium dependence of dimerization
kinetics differs between N- and ECAD12 (Table 2.2). While the dimerization kinetics of NCAD12
are calcium dependent, ECAD12 dimerization kinetics is unchanged by the presence of calcium.
As discussed, this difference may contribute to particular adhesive properties of adherens junctions
in specific physiological milieu. Also notable, ECAD12 has a four-fold increase in Kd compared
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to NCAD12 which results in a lower dimerization affinity. Our laboratory wants to evaluate the
factors that contribute to these differences in N- and ECAD12 stability and calcium-dependent
dimerization.
Table 2.2 Studied Differences between ECAD and NCAD
NCAD12

ECAD12

Stability of Domain 1

Path Dependent, Tm ~ 70°C

Tm ~ 65°C

Stability of Domain 2

Tm ~ 45°C

Tm ~ 40°C

Calcium Binding

Kd = 25 µM

K D = 25 µM

Dimerization

Kd @ equilibrium= 25 µM

Kd @ equilibrium= 100 µM

Kinetics

•
•
•

Driven by Ca2+
Fast with Ca2+
Slow without Ca2+

•
•

Independent of Ca2+
presence
Fast kinetics
with/without Ca2+

Our lab has studied the physical attributes that differ between E- and NCAD12, and we are
interested in the energetics and interactions that lead to highly stable domains. One possible
contribution is the conservation of hydrophobic core residues in each cadherin domain [98]. The
hydrophobic core (h-core) maintains high rigidity due to burial of hydrophobic residues into the
center of each domain. Due to the high melting temperature of globular cadherin domains,
especially NCAD1, our lab wants to evaluate the influence of h-core stability on monomeric
cadherin. We propose the collection of hydrophobic interactions that due to h-core residues
contributes to the high stability of cadherin domains.
On the other hand, rigidity is also determined by the lack of mobility which may contribute
to the destabilization of cadherin [139]. There are many loops in cadherin EC domains that do not
contribute to the hydrophobic core. The Aβ-loop, which connects the βA-strand to the βB-strand,
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participates in strand-swapping and requires mobility to facilitate dimerization [140]. Although
flexibility is necessary for the Aβ-loop function, increased mobility and elasticity in and the linker
residues contributes to cadherin instability [141]. The linker for N- and ECAD12 only differ by
one residue, NCAD1 has significantly higher thermal stability than ECAD1 according to our data.
This may be attributed to the differences in linker flexibility or mobility of EC loops. We propose
that increased flexibility in cadherin loops and linker will result in decreased stability in cadherin
domains.
2.3 X-DIMER ARGUMENT
The remarkable differences in dimerization assembly and kinetics of N- and ECAD may
correlate with adaptation to the environments where they are expressed. NCAD dimer assembly
and disassembly is largely dependent on the presence of calcium while ECAD dimerization
assembly is fast irrespective of calcium presence [142]. When all calcium binding sites are
saturated, monomer-dimer exchange kinetics of N- and ECAD12 are fast and they dissociate at
similar rates. However, while low or depleted calcium levels has no effect on ECAD12 exchange
kinetics, NCAD12 forms a kinetically trapped dimer (see Table 2.2) [123].
Harrison et al (2010) proposed the existence of a transient dimer that is a necessary
intermediate between the closed calcium-saturated monomer and the closed strand-swapped dimer
[143]. This ECAD transition state intermediate is termed the X-dimer. The primary evidence for
the existence of this intermediate is observed in crystallographic studies [103, 126]. The X-dimer
consists of seven residues which participate in ionic interactions or hydrogen bonding between
opposing cadherin protomers (Fig 2.6) [142]. The following residues are participatory in these
interactions between partner protomers of ECAD: K14 and D138, Q101, D100, and N143, and
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R105 and E199. Mutation of K14 to glutamate (K14E) results in a 10,000-fold reduction in the
kinetics of assembly and disassembly [144] attributed to the addition of glutamate. This indicates
dimer formation is severely attenuated by glutamate mutation. Clearly, disruption of the X-dimer
in ECAD has detrimental effects for dimerization. This “transition state” model for rapid dimer
exchange kinetics has since been illustrated by other cadherins such as placental cadherin [145].
Currently, NCAD is the only classical cadherin that does not fit the X-dimer paradigm.

Figure 2.6. Residue Interactions in ECAD12 X-dimer. Residue interactions from one ECAD12 protomer (green) with
a partner protomer (blue) in the X-dimer (1FF5.pdb) [126]. Interactions are color coded and calcium ions are
represented in pink. These ribbon structures were created using Schrödinger Maestro. Adapted from Vunnam 2012
[142].

Although N143, D138, and E199 of EC2 are responsible for interactions that assemble the
X-dimer intermediate in ECAD, none of these residues are conserved in NCAD. Our lab mutated
NCAD12 residues to contain all required residues for X-dimer formation [146]. However, X25

enabled NCAD12 shows the same disassembly kinetics as wild-type (WT) NCAD12 in the apo
and calcium-saturated states. Melting studies show that X-enabled NCAD has the same thermal
stability as wild-type [146]. The lack of an X-dimer intermediate state in NCAD may contribute
to the differences in cadherin disassembly kinetics [142, 147-149].
In the X-dimer, K14 and D138 residues maintain a critical interaction that stabilizes the Xdimer state and influences dimer kinetics. Although K14E has no effect on equilibrium
dimerization affinity, mutation of K14 to glutamate (K14E) greatly decreases dimer assembly and
disassembly by 10,000-fold [143, 150]. Clearly, interruption of X-dimer participating interactions
leads to attenuating effects in ECAD12 dimerization. However, NCAD12 has significantly
different dimerization kinetics in assembly and disassembly compared to ECAD12.
In NCAD12, R14 is proposed to interact with D137 in an X-dimer fashion similar to
ECAD12 [143]. Although R14E mutation also exhibits attenuation in dimerization kinetics due,
our laboratory has determined that the impact on NCAD dimerization is due to the addition of
glutamate rather than the removal of arginine [146]. Using three arginine mutants, R14E, R14S,
and R14A, our laboratory discovered that R14S and R14A have similar dimerization kinetics to
wild-type NCAD12. Analytical SEC of R14S and R14A shows that these mutants maintain fast
assembly like NCAD12; however, R14E disassembly kinetics were impaired in the calciumsaturated state [146]. Overall, NCAD is an anionic protein, and the addition of glutamate results
in increased negative charge on the surface on NCAD1. The electrostatic repulsion argument is
also valid for K14E attenuation of dimerization assembly in ECAD1. As cadherin domains come
together to dimerize, the increased negative charge introduced by K14E and R14E mutation
contributes to greater electrostatic repulsion of EC1 domains. We propose the addition of
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glutamate on the surface of highly charged EC1 domains contributes to the attenuation of
dimerization kinetics. Thus, the effect of the R14E mutation in NCAD12 is due to the presence of
the glutamate and not the absence of the lysine, and the X-dimer is not a relevant in determining
dimerization kinetics of NCAD12.
2.4 ELECTROSTATIC EFFECT ON CADHERIN DIMERIZATION
In healthy cells, extracellular pH has a small range between 7.2 and 7.4; however, in
stressful states such as those associated with cancer, diabetes, and inflammation, the extracellular
space becomes acidic with pH ranging from 6.2 to 6.8 [6, 151-155]. During these states, the pH at
neurological synapses also decreases which leads to changes in the NCAD dimerization
equilibrium [6]. NCAD is present in excitatory synapses where calcium concentration is
fluctuating, and acidification of NCAD in vitro results in a decrease in calcium binding and
increase in dimerization [138]. Protonation at calcium binding sites results in decreased affinity
for positively charged calcium and reduced dependence on calcium binding for NCAD12
dimerization.
Our lab conducted pH studies that show NCAD12 low pH and increased salt concentration
increase dimerization [99]. We proposed that a decrease in pH or an increase in salt concentration
results in ion shielding of the negative surface charges on NCAD, an anionic protein. It is possible
that the formation of dimer is favored as repulsive charges are shielded in the NCAD monomer
which may lead to an increase in dimerization affinity.
N- and ECAD are anionic proteins with many charged surface residues, and ionic shielding
at low pH and high salt concentration stabilizes the dimer state for NCAD12. Compared to
NCAD1, ECAD1 has a higher concentration of charged surface residues that may contribute to
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differences in dimerization kinetics and equilibria (Fig. 2.7) [3, 126]. When dimerization occurs,
two ECAD EC1 domains increase in proximity, and additional repulsive forces may result in a
higher energetic barrier. We propose that ionic shielding will be even more influential in ECAD12
dimerization due to increased electrostatic repulsion caused by surface charges.

Figure 2.7. Surface Charged Residue Comparison in EC1 of NCAD12 and ECAD12. Left: NCAD12 surface (grey)
with negative charged residues (red) and positive charged residues (blue) highlighted [12]. Right: ECAD12 surface
with negative and positively charged residues highlighted [59].

Lastly, salt-bridges in the monomer and dimer are charge-charge interactions that impact
dimerization kinetics and domain stability [100]. EC1 of N- and ECAD maintain the same saltbridge between the N-terminus NH3+ and the carboxylate group of E89. In monomer, this salt
bridge is conducted between the N-terminus and E89 of the same EC1 domain (Mapo), but
formation of strand-swapped dimer occurs upon saturation and binding of calcium (Msat). At this
time, the N-terminus breaks its own salt-bridge to create a new salt-bridge with E89 of the partner
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protomer (see Fig. 1.8) [108].
The maintenance of this salt bridge is one of the two critical interactions that dictates the
mobility of the βA-strand for N- and ECAD in the presence of calcium [100]. E11 pins the βAstrand by chelating calcium at the domain-domain interface. This pulls the βA-strand downward
toward the linker region at the bottom of EC1; however, the salt-bridge interaction between the Nterminus and E89 pins the βA-strand in the opposite direction toward the top of EC1. These
interactions are critical to the monomer-equilibrium as the combination heavily induces strain on
the βA-strand induced by the presence of calcium [108]. During monomer-dimer exchange the
salt-bridge is broken and reformed between partner protomers which relieves βA-strand strain
(Dsat). Without calcium, E11 would not participate in chelating calcium and this strain would not
occur [108]. The lack of strain in the βA-strand reduced the induction of strand-swapped dimer
which heavily impacts the monomer-dimer equilibrium.
Previous experimentation implies that mutation of E89 to alanine (E89A) demolishes the
N-terminus salt-bridge, weakens cadherin adhesion, and completely undocks W2 from the
hydrophobic pocket [100]. Our laboratory used fluorescent analytical techniques to measure the
change in tryptophan signal between wild-type and E89A NCAD12 [108]. The fluorescence (FL)
spectra in Fig. 2.8 show that wild-type NCAD12 has an emission maximum at 330 nm and 331
nm in the apo and calcium-saturated state respectively. Comparatively, E89A exhibits an emission
maximum at 339 nm and 340 nm in the apo and calcium-saturated state respectively. Complete
burial of W2 gives FL emission maximum of 325 nm W2 is completely exposed with an FL
emission maximum of 355 nm [108]. Although the E89A mutation is more red-shifted in FL
maximum than wild-type NCAD12, FL data shows that W2 is never completely exposed to solvent
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in the monomer state, dimer state, or during monomer-dimer exchange. Although the Nterminus:E89 salt-bridge is important in N- and ECAD, we propose there must be other
contributive factors that allow W2 to stay buried in the hydrophobic pocket.

Figure 2.8. Fluorescence Data for E89A Salt-Bridge Mutant. Fluorescence data for NCAD12 wild-type (black) and
E89A (red) in apo (▲) and calcium saturated (∆) states. W2 is completely buried at 325 nm, completely exposed at
355 nm and partially exposed at the E89A maximum of 340 nm [57].

2.5 PROLINES IN THE DIMERIZATION INTERFACE
In neurons, plasticity is critical for the proper function and health of neuronal cells [32].
N- and ECAD are found within the excitatory synapses in neurons, and the monomer-dimer
equilibrium of these cadherins affect neural plasticity [128]. Plasticity requires the targeted
fluctuation between monomer and dimer states driven by strain. Proline is known to induce
conformational strain in monomer proteins that form strand-crossover dimers, and dimerization is
thought to relieve monomeric strain [156]. N- (Fig. 2.9) and ECAD (Fig. 2.10) [157] have prolines
in the βA-strand at P5 and P6.
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Figure 2.9 Influential Prolines in NCAD. Left: Ribbon structure of NCAD12 (2QVI.pdb) with W2, P5, P6, P10, and
P16 represented as ball-and-stick structures Calcium ions are represented in blue. (Maestro). Right: Zoomed figure of
EC1 [12]. Prepared with Schrödinger Maestro.

Our lab conducted mutation studies to relieve “proline-induced strain” in NCAD12. We
expected proline mutation to alanine would relieve conformational strain in the monomer and
stabilize the monomeric state. Surprisingly, mutation of prolines at P5 and P6 to alanine (PPAA)
increased dimerization affinity by 20 fold compared to wild-type NCAD12 in apo conditions
[158]. Thermal denaturation showed that the activation energy required to disassemble PPAA
dimer is much higher than wild-type, and high heat was needed to fully denature the PPAA mutant.
These studies of the PPAA mutant proteins indicate that the dimer form is stabilized by hydrogen
bonding between the alanines in position 5 and 6 in the mutant. We then inferred wild-type proteins
that P5 and P6 decrease the stability of the dimer relative to the monomer such that there can be
active exchange between the two forms. As such, P5 and P6 allow the wild-type proteins to
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mediate dynamic plasticity of adherens junctions in tissues.

Figure 2.10. Influential Prolines in ECAD. Left: Ribbon structure of ECAD12 (1FF5.pdb) with W2, P5, P6, and P10
represented as ball-and-stick structures Calcium ions are represented in blue. (Maestro). Right: Zoomed figure of EC1
[59]. Prepared with Schrödinger Maestro.

Within the βA-strand of these proteins, there are two prolines conserved between N- and
ECAD (P10 and P18). However, P16 in NCAD is not present in ECAD which has a glutamate
instead (E16). Residue 16 of these cadherins is unique compared to P5 and P6 because it is in the
Aβ-loop discussed above. We expected P16A mutation would result in decreased conformational
strain and dimerization kinetics similar to ECAD12. Preliminary experimentation shows that
NCAD12/P16A impairs fast-exchange between monomer and dimer in the calcium-saturated state
and maintains a thermal denaturation profile similar to ECAD12 (McClearn, unpublished Thesis
(2015)). P16A mutation also increases the equilibrium constant (Kd) by 3-fold which indicates a
lower dimerization affinity compared to WT (Table 2.3). According to our results, mutation of P16
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in NCAD12 causes dimerization kinetics to be more similar to ECAD12. The Kd for P16A is 77
µM which is similar to ECAD12 at 100 µM.
Table 2.3 Comparison of Wild-Type and P16A NCAD12 Assembly
Neural Cadherin (NCAD12)

WT

P16A

Assembly Half-Time

25 µM protein, 0.1 min

25 µM protein, 0.7 min

Equilibrium Constant (Kd)

25 µM

77 µM

Our lab is interested in determining effects of proline mutation to glutamate in NCAD and
vice versa in ECAD: P16E and E16P respectively. Based on our P16A mutation studies,
dimerization affinity may be impeded by conformational strain present at P16 which is contrary to
the PPAA mutation studies. We expect P16E to exhibit fast dimerization kinetics and low
dimerization affinity similar to ECAD12. The addition of glutamate also increases surface charge
on NCAD1. The addition of electrostatic repulsion during dimer assembly may further induce
preference for the monomer state. Conversely, we expect E16P mutation to increase strain in the
monomer, demonstrate slower dimerization kinetics, and exhibit higher dimerization affinity
similar to NCAD12. The removal of glutamate from the surface of EC1 may relieve repulsive
forces during dimerization assembly and further induce dimerization.
2.6 SUMMARY OF OPEN QUESTIONS
In summary, N- and ECAD12 have similar structure and conformation but vastly different
physiological roles. We assume that the observed differences in stability, charge-charge
interactions, and effect of residue mutations in N- and ECAD are responsible for differences in
dimerization affinity, kinetics, and calcium dependence. Our laboratory is interested in further
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evaluating the driving force behind the varying physiological roles of N- and ECAD, and we
propose molecular dynamics simulations will facilitate this evaluation.
This thesis focuses on the open questions resulting from experimentation done in our lab.
These open questions focus on three main properties of N- and ECAD12: the high stability of
cadherin domains, the impact of electrostatics in anionic protein, and the effect of residue mutation
on cadherin function and dimerization kinetics.
Although they have similar calcium binding affinity, E- and NCAD12 differ in
dimerization affinity, dimerization kinetics, and thermal stability. Our lab is focused on the
interactions that contribute to higher NCAD12 stability compared to ECAD12. We propose the
hydrophobic core conserved in each EC domain contributes to an increase in cadherin rigidity and
stability. We also propose mobile loop and linker regions contribute to the destabilization of
cadherin domains.
N- and ECAD are anionic proteins with many surface charged residues. Low pH and high
salt concentrations stabilize NCAD12 by shielding anionic charge on the surface of EC domains.
We expect shielding effects to be greater in ECAD12 due to the higher concentration of surface
charged residues in EC1.
ECAD12 exhibits an X-dimer intermediate state stabilized by salt-bridge interactions
including K14:D138. Mutation of K14 to glutamate causes severe attenuation of dimer assembly
and disassembly by over 10,000-fold. Although NCAD12 does not have an X-dimer intermediate
state, mutation of R14 to glutamate also impairs dimerization kinetics. During dimerization, EC1
domains from partner protomers must meet face-to-face, and increased electrostatic repulsion due
to anionic surface charge may impeded dimer formation. We propose the attenuation of
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dimerization kinetics in E- and NCAD is a result of glutamate addition on the surface of EC1.
Lastly, prolines are known to be influential in cadherin dimerization kinetics. P5 and P6 of
E- and NCAD12 induce conformational strain in the dimer that is relieved in the PPAA mutant.
Conversely, alanine mutation of P16 in NCAD12 results in a decrease in dimerization affinity.
These results closely resemble dimerization affinity for ECAD12 which has glutamate instead of
proline at position 16. P16 may cause in conformational strain in the dimer form of cadherins
where E16 does not. However, the presence of glutamate may contribute to repulsive charges that
favor the monomeric form. We propose P16E mutation in NCAD12 will result in fast dimerization
kinetics and lower affinity for dimer. Conversely, we propose E16P mutation in ECAD12 will
result in slower dimerization kinetics and higher affinity for dimer.
2.7 MOLECULAR DYNAMICS FOR PROTEIN STUDIES
Many of the open questions we have, including cadherin folding dynamics, can be
addressed using molecular dynamics (MD) [159]. There have been several computational studies
done on classical cadherins [113, 160]; however, the goal of this thesis is to verify the experimental
data our laboratory has collected using MD and develop new hypotheses. Proteins in vitro fold in
times between microseconds to seconds, and a computational approach can be advantageous in
order to view atomic interactions that cannot be determined or observed experimentally [161]. The
details by which we use molecular dynamics for the studies in this thesis are outlined in later
sections.
Although our research group continues to make strides toward further characterizing Nand ECAD properties, current experimentation leaves open questions about N- and ECAD12
stability and dynamics. In order to better understand the physical chemistry that drives the
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monomer-dimer equilibrium in N- and ECAD, we established a collaboration with Dr. Robert J.
Doerksen's computational chemistry group. Our lab is interested in understanding the fundamental
and molecular interactions that occur leading up to dimerization, and we propose our open
questions can be addressed using MD.
2.9 SPECIFIC AIMS FOR THESIS
I.

Use a molecular dynamics method to study monomer N- and ECAD12 behavior.

II.

Evaluate residue interactions that contribute to N- and ECAD12 domain stability.

III.

Evaluate the effect of specific electrostatic interactions on the disposition of W2 in Nand ECAD12.

IV.

Evaluate the intramolecular interactions of proline and X-dimer mutations compared
to WT N- and ECAD12.

V.

Develop new testable hypotheses using molecular dynamics results pertaining to:
a. Evaluation of specific hydrophobic core residue contribution to cadherin
stability determined by MD.
b. Determination of leucine importance in cadherin linker flexibility and mobility
by leucine to alanine mutation based on MD results.
c. Measure the importance of alternate salt-bridge interactions on the burial of W2
in the hydrophobic pocket of EC1 through mutation studies. This can be
completed by residue mutation to debilitate formation of alternate N-terminus
salt-bridge interactions suggested by MD results.
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CHAPTER III
METHODOLOGY

3.1 SELECTION OF CADHERIN STRUCTURES
In order to address specific aim 1, I explored the ensemble of three-dimensional (3-D) xray structures of monomeric epithelial and neural cadherin in the protein databank (PDB) (rscb.
org) [162]. To provide adequate and realistic starting structures for MD, epithelial and neural
cadherin crystal structures were compiled and compared. It is important to note that our laboratory
studies mouse cadherins in vitro, so I compiled all mouse cadherin structures available. The Nterminus and W2 are critical for proper monomer and dimer formation [123], so I only addressed
structures where D1 and W2 are completely resolved. To find an adequate x-ray structure for
monomeric cadherin, the crystal structure should contain W2 self-docked into the hydrophobic
pocket of EC1. Similarly, dimeric W2 must be docked into the hydrophobic pocket of the partner
protomer. PDB files that did not fit these structural requirements were excluded in this study.
Since most resolved PDB structures are actually dimers, finding self-docked structures was a
challenge.
3.1a Epithelial Cadherin Crystal Structures
There were three epithelial cadherin structures available and evaluated shown in Table 3.1:
1FF5.pdb [126], 3Q2V.pdb [143], and 2QVF.pdb (Carroll 2007, unpublished).
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Table 3.1 Comparison of ECAD Crystal Structure Properties
ECAD
PDB file

Number
of
Protomers

1FF5.pdb
[126]

2

3Q2V.pdb
[79]

2

2QVF.pdb
(Carroll
2007,
unpublished)

1

Dimeric State

Two
monomeric
units
configured
into an Xdimer
Strand-swap
dimer
Single chain
strand-swap
dimer

N-term
structure

Structural
Resolution

Resolved
Domains

Notes

MDWVI
…

2.9Å

1&2

Docked Nterminus,
X-dimer

DWVI…

3.4Å

1-5
(complete)

DWVI…

2.4Å

1&2

Strand
swapped
dimer
Single
resolved
chain of
dimer

Resolution is important in determining the accuracy of atomic positions in each crystal
structure. In general, resolution below 1.2 Å is considered excellent because you can see backbone
and side chain atoms as well as some resolved hydrogens [163]. Structures with a resolution
between 1.2 Å to 2.5 Å are considered good, since location of the backbone and most side chains
are clear. Structures with a resolution between 2.5 Å to 3.5 Å are considered fair because the
backbone and bulky side chains are clearly resolved. Lastly, structures with a resolution between
3.5 Å to 4.0 Å are considered poor because the location of the backbone is clearly identified but
side chains may be poorly resolved.
For 1FF5, both partner protomers are adequately resolved for EC1 and EC2 in an X-dimer
formation. W2 is docked into its own hydrophobic pocket for these protomers, and K14 and D138
are involved in an ionic interaction between protomers which creates the X-dimer conformation.
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Methionine at the N-terminus is an artifact of cloning and is not present in epithelial cadherin in
vivo and can be removed before MD simulations. The presence of this methionine results in a
penalty discussed later in the results section. Alternatively, 2QVF and 3Q2V are strand-swapped
dimers of ECAD where W2 is docked into the hydrophobic pocket of a partner protomer. Although
2QVF is significantly better resolved than 3Q2V, this cadherin structure only has one resolved
protomer for EC1 and EC2. Conversely, 3Q2V is a strand-swapped dimer with all five domains
resolved. The three ECAD structures were compared using Schrödinger Maestro Preparation
Wizard [164] was used to superimpose the three ECAD structures in Table 3.1 (See Fig. 3.1).
The protein backbones for these three structures were aligned and compared using
Schrödinger Maestro (Fig 3.1). The process by which these structures were analyzed is explained
in greater detail in the methods section. In order to align the backbone of these three structures,
Maestro prep-wiz was used to superimpose the backbone of each structure with the lowest overall
difference in RMSD (Å). Each protein was cropped to represent the first 213 residues of NCAD
which comprises EC1 and EC2. EC3-EC5 are not part of the minimal functional unit that we study
in our laboratory and were removed. The alignment must be similar in order for meaningful
analysis of major differences in spatial conformation between each protein structure. The rootmean-square deviation (RMSD) is calculated in angstroms (Å) to compare the difference in atomic
position for each structure. Over the first 215 residues which encompass EC1 and EC2, 1FF5 and
3Q2V residue atomic positions match within a 0.928 Å RMSD, 3Q2V and 2QVF within a 0.804
Å RMSD, and 1FF5 and 3Q2V within a 0.594 Å RMSD. This indicates these three protein
structures are very similar with low residue deviation between them. The backbone of ECAD12 is
represented as a ribbon structure seen in Fig. 3.1 with each β-sheet highlighted with a different
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color. Three calcium ions are represented as orbs for each ECAD structure, and W2 is shown to
signify monomer versus dimer structures. As shown, the dimer structure has W2 reaching out
towards space, but it is actually docked into a partner protomer that is not shown in the image.
The major differences in spatial conformation between these structures are located in the
βA-strand where W2 resides (Fig. 3.1). This is expected as the βA-strand up to E11, which is
pinned down in a calcium ion interaction, is mobile and involved in dimerization. Our laboratory
focuses on studying the first 20 residues of cadherin because changes in these residues have the
greatest impact on cadherin dimerization [114]. Each of these crystal structures have excellent to
fair resolution, but 1FF5 is the only structure which consists of two self-docked monomers. After
removal of the N-terminal methionine using Maestro, 1FF5 becomes the ideal starting structure
for epithelial cadherin monomer studies. After protein alignment of both 1FF5 partner protomers,
the protein alignment software in Maestro shows chain A and B of 1FF5 have a 0.282 Å RMSD.
Because both partner protomers maintain conformational similarities, I arbitrarily chose 1FF5
chain A to represent ECAD12 monomer for these studies. 3Q2V was also selected and prepared
for dimeric studies. These studies are in progress but are not addressed in this thesis.
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Figure 3.1. Backbone Comparison of ECAD Crystal Structure. Alignment of ECAD structures (1FF5.pdb, 3Q2V.pdb,
and 2QVF.pdb) Left: Alignment of EC1 and EC2 from 1FF5.pdb chain A (self-docked monomer), EC1-EC2 of
3Q2V.pdb chain A (white W2), and 2QVF.pdb (yellow W2). Right: EC1 only is highlighted. These structures were
processed using Schrodinger prep-wiz to optimize alignment. 3Q2V.pdb and 2QVF.pdb are each a single protomer
of a strand-swapped dimer.

3.1b Neural Cadherin
Three neural cadherin structures were also available and were evaluated: 1NCJ.pdb [106],
2QVI.pdb (Shapiro 2008, unpublished), and 3Q2W.pdb [103]. I applied the same parameters and
requirements used for ECAD12 in our selection of NCAD12 structures. Table 3.2 outlines the
characteristics of each neural cadherin crystal structure.
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Table 3.2 Comparison of NCAD Crystal Structure Properties
Dimeric
Number
State
of
Protomers
1NCJ.pdb
1
Single
[94]
chain
strandswap dimer
2QVI.pdb
1
Single
(Shapiro
chain
2007,
strandunpublished)
swap dimer
3Q2W.pdb
1
Single
[45]
chain
strandswap dimer
NCAD
PDB file

N-term
Structural Resolved
structure Resolution Domains

Notes

WVI…

3.4 Å

1&2

Partially
resolved
W2

DWVI…

3.0 Å

1&2

DWVI…

3.2 Å

Single
resolved
chain of
dimer
1-5
Single
(complete) resolved
chain of
dimer

For neural cadherin, there are three crystal structures in which W2, the critical residue for
monomer-dimer interconversion, is present. First, 1NCJ is a NCAD12 crystal structure with
several missing backbone and side chain residues and an incomplete N-terminus. In comparison
with 2QVI and 3Q2W, 1NCJ is not as well resolved, and the conformation of the W2 side chain
is indeterminate. Although I used Maestro to add the missing backbone and side chain atoms,
including those that impact W2, the completed 1NCJ structure gives poor insight on the true
conformation and nature of NCAD12 (Fig. 3.2). These issues can cause potential conformation
problems and can cause inaccurate representations during MD simulations, therefore this structure
was confidently excluded from this study. Alternatively, 2QVI and 3Q2W are single chain
resolved protomers of strand-swapped dimer proteins with similarly fair resolution. Unlike 2QVI
which only has EC1 and EC2 resolved, 3Q2W has all five EC domains resolved and Jin et. al.
models an NCAD strand-swapped dimer computationally based on ECAD 3Q2V dimer.
I used the same process in Maestro to crop and align these three NCAD12 structures (Fig.
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3.2). Over the first 215 residues which encompass EC1 and EC2, 2QVI and 3Q2W residue atomic
positions match within a 0.524 Å RMSD, 2QVI and 1NCJ within a 1.279 Å RMSD, and 1NCJ and
3Q2W within a 1.428 Å RMSD. Excluding 1NCJ due to poor resolution, this indicates 2QVI and
3Q2W structures are very similar with low residue deviation between them. 2QVI and 3Q2W are
closely related in conformation, and W2 is fully resolved in these structures. Each of the NCAD
crystal structures are dimers; although, some of the crystal structures only display one resolved
protomer. 2QVI is the crystal structure of dimer NCAD, but it is the most resolved structure with
the greatest accuracy in backbone and side chain location; therefore, it was selected to represent
NCAD monomer for further studies. The dimer structure from 3Q2W was also prepared for MD
studies that have been started but are not discussed in this thesis.
The problem in using 2QVI as the monomer structure in MD studies is the fact that W2 is
not docked, an “open” state that is inconsistent with experimental data. Realistically, monomer
W2 should be self-docked in the hydrophobic pocked of EC1. In order to compare monomeric
NCAD12 on equal terms with ECAD12, a monomeric NCAD12 model must be created using the
ECAD12 monomeric structure (2QVI) as a realistic monomer state.
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Figure 3.2. Backbone Comparison of NCAD Crystal Structures. Alignment comparison of 2QVI.pdb, domains 1-2 of
3Q2W.pdb, and 1NCJ.pdb (left). Domain 1 is shown on the right. These structures were processed using Schrodinger
prep-wiz to optimize alignment. W2 displayed in 1NCJ.pdb above is not resolved in the original PDB structure;
rather, W2 is added through the Schrodinger prep-wiz process explaining its unique orientation. This structure was
discarded from further study.

3.2 COMPARISON OF EPITHELIAL AND NEURAL CADHERIN
Analysis of N- and ECAD crystal structures expose problems with conducting monomer
studies – there is only one self-docked monomer structure for ECAD12. In order to accomplish
specific aim 2, a self-docked NCAD12 monomer must be created for MD simulations. Initially, I
tried loop modification software to dock W2 into EC1 of NCAD12; however, none of the structures
were realistic. 3Q2W is the PDB structure for NCAD dimer which was computationally created
based off of 3Q2V ECAD dimer [103]. The authors replicated the single resolved chain of NCAD
strand-swapped dimer in 3Q2W and manually docked W2 into the partner protomer hydrophobic
pocket. The authors were then able to make extrapolations according to this generated NCAD
dimer structure. I used a similar method to model the NCAD12 monomer.
First, I compared the dimer structure of N- and ECAD by aligning the backbone structures of each
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dimer chain. Since there is not a resolved NCAD dimer structure, I analyzed dimer structures by
comparing single-chain protomers of dimer species. Then, I analyzed ECAD dimer versus
monomer structures to determine what the major conformational differences were between the two
structure forms. This comparison gave me insight on which residues move during monomer to
dimer exchange and allow me to make a more realistic NCAD monomer. Lastly, I compared
NCAD dimer with ECAD monomer in order to extrapolate the differences in conformation
between monomer and dimer states. These steps are explained below.
3.2a Alignment of Neural and Epithelial Cadherin Dimer Structures
First, I compared N- and ECAD dimer structures because crystal structures were available
for these cadherins. Although NCAD does not have a fully resolved strand-swapped dimer crystal
structure, there are two resolved single-chain strand swapped dimer structures 2QVI and 3Q2W. I
compared these NCAD dimer structures with protomer chains of ECAD strand-swapped dimer
3Q2V (Fig. 3.3). Over the first 215 residues, NCAD 2QVI and ECAD 3Q2V residue atomic
positions match within a 0.846 Å RMSD. Similarly, NCAD 3Q2W and ECAD 3Q2V residue
atomic positions match within a 0.749 Å RMSD. This indicates dimer E- and NCAD are very
similar with low residue deviation between them. NCAD structures 2QVI and 3Q2W likely
represent the two chains of NCAD dimer protomers as each structure shares the same spatial
conformation as chain B and chain A of ECAD dimer 3Q2V respectively. Using this information,
I extrapolated that ECAD and NCAD share very similar dimer tertiary structure in EC1 and EC2
of both partner protomers. In order to determine the feasibility of using ECAD monomer as a
template for NCAD monomer, I then looked at the differences between ECAD monomer and
dimer.
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Figure 3.3. Backbone Comparison of ECAD12 and NCAD12 Dimer. Alignment of chain A and chain B of truncated
3Q2V.pdb (ECAD12) with 3Q2W.pdb and 2QVI.pdb (NCAD12) on left. Domain 1 is shown on right. These structures
were aligned using Schrodinger and show close similarity between neural and epithelial cadherin dimer structures.

3.2b Comparison of Epithelial Cadherin Monomer and Dimer Structures
The next step in evaluating ECAD was to compare 1FF5 self-docked monomer with 3Q2V
dimer (Fig. 3.4). Chain A and chain B of the two structures were closely related to the respective
partner protomer. I was able to determine this by analyzing both protomers in 3Q2V using
structural alignment after truncation to the two-domain structure: ECAD12. The two partner
protomers for ECAD12 contain residues that match within 0.434 Å RMSD; since the important
Aβ-strand residues had similar conformation between both protomers, I arbitrarily decided to use
chain A of the PDB file. Analysis of ECAD monomer and dimer shows 1FF5 and 3Q2V residue
atomic positions match within a 0.928Å RMSD. Because the first 20 residues are critical to dimer
formation and the βA-strand contains the most difference in spatial conformation between
monomer and dimer structures, I focused on the N-terminal residues. The greatest difference in
spatial conformation between monomer and dimer is in the first three residues: D1, W2, V3. This
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is unsurprising since this region is where monomer-dimer exchange occurs and one of the
structures is a monomer while the others were dimers. Because I noted that NCAD dimer is similar
to ECAD dimer and that ECAD monomer is similar to ECAD dimer, I wanted to then compare
NCAD dimer with ECAD monomer.

Figure 3.4. Backbone Comparison of ECAD12 Monomer and Dimer. Alignment of 1FF5.pdb chain A and 3Q2V.pdb
chain A (left). Domain 1 is shown on right. These structures were aligned using Schrodinger and show close similarity
and differences between the first 20 residues of ECAD. The only major difference in conformation between these two
structures are in the first three residues (DWV). The methionine artifact in 1FF5.pdb has been removed.

3.2c Comparison of Epithelial Cadherin Monomer and Neural Cadherin Dimer
Comparison of neural cadherin dimer with epithelial cadherin monomer shows the main
difference in the first 20 residues are seen in the first four residues (DWVI). Because of the
similarities between ECAD monomer and ECAD dimer as well as ECAD dimer and NCAD dimer,
I extrapolated that NCAD monomer has a similar spatial conformation to ECAD monomer. In
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order to extrapolate the spatial conformation of NCAD monomer, I decided to superimpose ECAD
monomer with NCAD dimer. I chose ECAD monomer 1FF5 chain A, ECAD dimer 3Q2V chain
A, and NCAD monomer 2QVI to superimpose for comparison (Fig. 3.5).
At first glance, the spatial conformation of E- and NCAD dimer is similar as already
determined. ECAD 1FF5 and ECAD 3Q2V match within a 0.804 Å RMSD and NCAD Q2VI and
ECAD 3Q2V match within a 0.846 Å RMSD. Analysis of the first 215 residues show that ECAD
1FF5 and NCAD 2QVI have residue atomic positions that match within a 0.956 Å RMSD. This
indicates that ECAD monomer and dimer maintain similar spatial conformations, NCAD dimer
and ECAD monomer maintain similar spatial conformations, and NCAD dimer and ECAD
monomer maintain similar spatial conformations. The ECAD monomer structure has the same
differences in conformation as E- and NCAD monomer, and the main differences are within the
first 20 critical residues of the protein; therefore, I decided to use the spatial coordinates of ECAD
monomer to create NCAD monomer.
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Figure 3.5. Backbone Comparison of ECAD12 Monomer and NCAD12 Dimer. Alignment of 1FF5.pdb chain A and
3Q2V.pdb chain A and 2QVI.pdb (left). Domain 1 is shown on right. These structures were aligned using Schrodinger
and show close similarity and differences between the first 20 residues of ECAD monomer and NCAD dimer. The
only major difference in conformation between these three structures is in the first four residues (DWVI). The
methionine artifact in 1FF5.pdb has been removed.

3.3 CREATION OF NEURAL CADHERIN MONOMER
Since I decided to create NCAD12 monomer using ECAD12 monomer coordinates, the
next step was to create a self-docked NCAD12 monomer. I initially attempted using loop
refinement software, but the resulting structures were unrealistic. Instead, I conducted the
following steps to create NCAD12 monomer.
3.3a Alignment of Neural Cadherin Dimer with Epithelial Cadherin Monomer
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First, NCAD dimer 2QVI was aligned with ECAD monomer 1FF5 chain A using
Schrodinger Maestro protein alignment software. The coordinates of the N-terminal residues were
copied from the ECAD monomer and used to replace the coordinates for those same residues in
the NCAD monomer model.
After superimposition of N- and ECAD, I first looked for the closest overlapping residue
that had the same or similar Cartesian coordinates between the two cadherins. This ensures ECAD
coordinates are copied to minimize the spatial inconsistencies in NCAD12. Second, I wanted to
make sure this overlapping residue still encompassed the first 20 amino acids. Taking these
considerations into account, I decided to start the NCAD monomer at serine 37 (Ser37) where
1FF5 and 2QVI overlap (Fig. 3.6).
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Figure 3.6. Serine 37 of ECAD monomer and NCAD dimer. Left: Alignment of ECAD monomer (1FF5 A) and NCAD
dimer (2QVI). The overlapping coordinates are at Ser 37. Right: anterior view.

3.3b Self-Docked Neural Cadherin Monomer
Now that I found an overlapping point to copy ECAD monomer coordinates onto NCAD,
I saved the coordinates of each structure as new PDB files. The first 37 residues of ECAD
monomer were copied and pasted over the first 37 residues of NCAD dimer to change the
coordinates of the NCAD residues. However, there are several residues that are different between
N- and ECAD in the first 37 residues; therefore, I re-imported the NCAD structure into Maestro
and mutated the nine residues that are different in NCAD. This resulted in a NCAD12 monomer
structure based on 1FF5.pdb (Fig. 3.7). These ECAD and NCAD monomer models were then
optimized in Schrodinger Maestro as described below.
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Figure 3.7. NCAD12 Self-Docked Monomer. Left: Ribbon structure of NCAD12 Monomer created in Maestro.
Calcium ions are represented as pink spheres. Right: Zoom view of EC1with W2 represented as a ball-and-stick
structure.

3.4 OPTIMIZATION OF CADHERIN STRUCTURES: MAESTRO SOFTWARE
Each PDB structure for epithelial and neural cadherin was processed using Maestro
software to create a precise protein structure for MD simulations. In order to properly prepare the
structure files for optimization by Maestro, the following modifications were applied to each
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individual PDB structure.
3.4a Truncation of Cadherin Structures
Epithelial and neural cadherin PDB files contain structures of solvent as well as other
extraneous compounds unnecessary to this work. These were deleted using the Maestro program,
and each protein structure was truncated to represent only domains one and two (EC1 and EC2) of
the monomer form. This resulted in a one-chain, 213 amino acid, monomeric structure to optimize
for further studies.
3.4b Resolution of Missing or Incomplete Residues
Unresolved or missing residues were completed using Maestro which estimates correct
orientation and placement of incomplete structures. This process also resolves missing covalent
bond connections between residue components. This was done under the OPLS3 force field.
3.4c Water Removal
Water is removed in order to establish hydrogen bond optimization later in the process. A
water solvent system will be added in further steps to review protein interactions with solvent
during MD simulations.
3.4d Hydrogen Bond Optimization
X-Ray crystallography cannot properly enhance hydroxyl or thiol groups or asparagine
(Asn), glutamine (Gln) and the ring of histidine (His). In this case, hydrogen bond optimization
was necessary to properly improve charge-charge interactions within the protein.180° flips of the
amide groups of Asn and Gln and of the histidine ring preserve heavy atom placement while
optimizing hydrogen bond interactions. This insures the modified structure does not intensely
deviate from the original crystallized protein.
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3.4e pH Consideration
Each charged residue in the cadherin protein was assigned charges using a physiological
pH of 7.4. This is the standard pH used in our lab, and I wanted to simulate experimental conditions
as closely as possible.
3.4f Restrained Minimization
The last step using Maestro is to converge heavy atoms to root mean square deviation
(RMSD). Since X-ray structures are comprised of a rigid crystal, structural strains may exist where
they would not appear in proteins with rotational and translational freedom. This is corrected by
adjusting atoms to relieve structural strain within the protein using a 0.30 Å RMSD range.
3.4g Residue Mutation
In order to study residue mutations of interest, the follow residues were mutated using
Maestro (Table 3.3).

Table 3.3 ECAD and NCAD Mutations for Molecular Dynamics
Name

Abbreviation

Domains

Mutation

Epithelial Cadherin

ECAD12

1&2

None

Lysine Mutant

K14E

1&2

Glutamate Mutant

E16P

1&2

Neural Cadherin

NCAD12

1&2

Residue 14 of ECAD
Lysine to Glutamate
Residue 16 of ECAD
Glutamate to Proline
None

Arginine Mutant

R14E

1&2

Proline Mutant

P16E

1&2
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Residue 14 of NCAD
Arginine to Glutamate
Residue 16 of NCAD
Proline to Glutamate

3.4h Export Files
The new coordinate files for each protein structure were saved into respective PDB files
for further steps.
3.5 SYSTEM BUILDING WITH CHARMM-GUI
In order to start MD simulations, I needed to establish parameters and conditions that most
closely mimicked our labs in vitro experimental conditions. To realistically study cadherin atomic
interactions using MD simulations, a force field must be applied to the system to emulate expected
atom energy and movement. CHARMM (Chemistry at HARvard Macromolecular Mechanics) is
the force field software package for molecular dynamics solutions used for this study [165].
Using a graphical user interface (GUI) for CHARMM found at charmm-gui.org, I was able
to set up the following conditions to set up the MD simulations: molecular topologies, force field
parameters, protein structure file (PSF) built from topologies, protein coordinates (CRD), and
simulation conditions such as solvent, ionic strength, temperature, and constant volume or
pressure.
To prepare ECAD12, K14E, E16P, NCAD12, R14E P16E for MD simulations, the
following steps were taken using the CHARMM-GUI Quick Molecular Dynamics Simulator.
3.5a Reading Biomolecular Coordinate File
The newly created PDB files generated using Maestro contain atom coordinates for the
cadherin protein and calcium heteroatoms. In this step, the protein and calcium heteroatoms were
selected for preparation.
3.5b Solvate the Biomolecule
In order to study the kinetic effects of cadherin movement, physiological conditions must
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be applied. In our lab, we study cadherin in vitro in an aqueous solution with sodium (Na+) and
chlorine (Cl-) ions. We also induce calcium saturation in the environment by adding calcium
chloride (CaCl2) to the protein environment; however, the monomer structures I created already
contain three calcium ions that fully saturates the cadherin protein, so calcium ions were omitted
from the system.
3.5c Introduction of water solvent
To mimic experimental conditions, I solvated the proteins with water in a rectangular
fashion which created a solvation box where the protein can move and interact with the
environment.
3.5d Ions and pH consideration
In vitro conditions of 140 mM NaCl was replicated in the system and the number of ions
were calculated so the system remained a neutral pH of 7.0. Neutral pH prevents skewed results
from charge interactions with the solvent. I used the Monte-Carlo ion placing method to randomly
place each ion in the solvent system.
3.5e Periodic Boundary Conditions
Firstly, the Particle mesh Ewald (PME) method for computation of long range electrostatic
interactions is applied. This method implements a grid system by which atoms traveling outside
of the solvation system can still accurately interact with the system instead of empty space. Long
and short range coulombic interactions are influential in the MD system, and both are calculated
during the simulation.
3.5f Temperature Consideration
A realistic molecular system involves solvent jostling or friction from air molecules rather

56

than interactions within a vacuum. When modeled in a MD simulation, this can cause temperature
effects that change the interactions within the system. In order to overcome temperature
fluctuation, Langevin dynamics is used to monitor the system temperature like a thermostat. This
process is completed by adding damping and random forces to the system. Energy is drained from
the system in order to overcome resistive forces by using a damping coefficient (γ).
3.5g Equilibrium Input Generation
Equilibration files are generated for each structure under constant number, volume and
temperature (NVT). Constant volume, rather than constant pressure, is preferred in the
equilibration step to restrain large movements in the protein. During equilibration, atoms in each
structure have restrained mobility to equilibrate into a low energy state before the MD production
step. In order to allow each structure to equilibrate to MD simulation conditions, I set each structure
to run for 5 ns equilibration under NVT before MD production. Because experimentation in our
laboratory is held at room temperature, the MD simulation temperature is held at 298.15 K.
3.5h Dynamics Input Generation
Lastly, production files are generated for each structure. The production stage of the
molecular dynamics simulation is conducted under constant number, pressure, and temperature
(NPT). Chemical reactions and bio-conformational changes in living cells occur under constant
atmospheric pressure; therefore, constant pressure is necessary to keep the simulation conditions
realistically comparable to biological experimentation. This step is also conducted at 289.15 K.
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3.5i Generate Input Files for NAMD
Finally, the Quick Molecular Dynamics Simulator generates each equilibration and
production file for the cadherin structures according to the set parameters. These files can then be
used by NAMD to run the MD simulations proposed by this thesis [166, 167].
3.6 NAMD: NANOSCALE MOLECULAR DYNAMICS
Nanoscale Molecular Dynamics (NAMD) is a program developed by the Theoretical and
Computational Biophysics Group in the Beckman Institute for Advanced Science and Technology
at the University of Illinois at Urbana-Champaign [168]. This program simulates large
biomolecular systems based on the CHARMM22 force field [169, 170].
An approximation of made during the MD simulation is the Born-Oppenheimer
Approximation which treats the motions of nuclei and electrons separately [171]. This
approximation is based on the large mass difference between light, fast moving electrons and
heavy, slow moving nuclei. To decrease computational load, the nuclei are treated as stationary
during the simulation.
The application of this force field directs movement in the biomolecular system by
applying forces on each atom calculated according to parameters set by the user (such as NVT or
NPT). These force fields utilize classical molecular dynamics based on Newton’s second law (F =
m * a); therefore, classical force fields determine the acceleration a for each atom with mass m
based on applied force F for each simulation. The approximation for the forces applied on the
system are derived from potential energy functions for each atom. The potential energy function
is based on bonded and non-bonded interactions which drive acceleration in the biomolecular
system.
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Bond potential energy is determined by the summation of bond stretching, bond angle, and
dihedral angle; alternatively, non-bonded potential energies are based on hydrogen bonds, van der
Waals, weak electrostatic forces [172]. Bond potential energy is determined by a force constant,
the number of bonds, and equilibrium length. The potential energy decreases as bond length
reaches equilibrium and increases as bond length defers from the equilibrium point. On the other
hand, non-bonded forces like hydrogen bonding and electrostatic forces are important for this
study. The summation of potential energy for the system is based on the summation of bonded and
non-bonded forces throughout the trajectory.
In molecular dynamics, the simulation timescale is critically important [173]. Protein
folding and unfolding happens on the seconds timescale; however, the computational time-step
used for molecular dynamics is on the femtosecond timescale (Fig. 3.8). This indicates it would
take decades to simulate the unfolding of one protein. Although the time-step is limited by bond
rigidity and vibrational frequency, the femtosecond time-step is necessary to measure intermediate
reactions during MD simulations [174].

Figure 3.8 Molecular Dynamics Time Scale. Protein movement based on time scale is outlined. The simulations
discussed in this paper were executed for 200 ns.
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In summation, the steps taken during the MD simulation is as follows: first, the atoms are
given initial positions. These Cartesian coordinates are given by the initial PDB file which was
processed using Schrödinger Maestro described in the previous section. Then the CHARMM force
field determines acceleration of each atom. Next, the atoms move depending on system
parameters. Time moves forward by repeating each step with new atomic positions output at the
end of each 2 fs time-step.
For NAMD2.9 simulations done in this thesis, each equilibration was done for 5 ns under
NVT. Equilibration is important to give the starting structures reasonable time to equilibrate to the
applied parameters. Because the starting structures were either taken from still crystal structures
or generated by Maestro, many atomic positions in the protein structure do not realistically reflect
atomic positions in solution. Equilibration allows small movements in atomic position for bonded
and non-bonded interactions to equilibrate to prevent large, unrealistic atomic movement during
production.
After equilibration, each structure was used for MD production over a 200 ns trajectory.
This trajectory was selected for several reason. First, previous MD and computational experiments
only ECAD12 and only for 2.5-10 ns simulation times [175]. As discussed, smaller time scales
limit observable interactions and phenomena in MD simulations. I wanted to evaluate interactions
that occur in MD simulations in a 20-fold time scale compared to previously conducted
experiments. Second, I proposed the importance of the E- and NCAD12 linker region in domain
stability. This linker region is the hinge point between EC1 and EC2 of these cadherins. In order
to evaluate hinge movement and bending, I wanted to conduct a MD simulation long enough to
evaluate movement in the linker region.
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3.7 VMD: VISUAL MOLECULAR DYNAMICS
Visual Molecular Dynamics (VMD) is a program developed to visualize and analyze large
bimolecular systems in 3-D [176]. Developed by the same group, VMD is used to analyze the
NAMD results for each MD simulation using built-in analytical tools.
For each structure, the total trajectory was 200 ns which generated 200,000 structures.
Because the atomic changes between back-to-back structures is minimal due to the small fs timestep, I loaded each trajectory into VMD with a stride of 20. This left us with 10,000 structures to
analyze for each MD simulation.
For the following analyses, I evaluated EC1, EC2, and the linker region for all cadherin
structures. Because the linker region is a hinge point where EC1 and EC2 may move
independently, residue atomic position can vary greatly during the simulation. However, this is
due to the independent movement of domains rather than the atomic movement of domain residues.
In order to overcome this issue during the analysis, I evaluated EC1, EC2, and the linker region
separately. I aligned all structure in the trajectory according to the residues of interested for each
analysis. For example, when evaluating EC1 residue changes, I aligned all 10,000 structures based
on EC1. Although EC2 is not aligned in this situation, analysis of atomic changes in EC1 are more
accurate. The same was applied for EC2 and the linker region, and this is further explained in the
methods section.
Next, I calculated the root-mean-square deviation of each structure by generating separate
root-mean-square deviation (RMSD) data for protein side chain, backbone, and residue for EC1,
EC2, the linker region, W2, and the hydrophobic core of each domain. This was done in VMD
using the RMSD Trajectory Tool for all 10,000 structures during the 200 ns trajectory.
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I used a script developed by Kipp Johnson at The University of Chicago to calculate the
root-mean-square fluctuation (RMSF) to calculate fluctuation in the structure (see Appendix). This
was implemented using the Tk Console in VMD. After I modified to script the calculate RMSF
for EC1, EC2, and the linker region of each structure, I combined the data for the total comparison
over 200 ns.
Next, I wrote a solvent accessible surface area (SASA) script to measure the SASA values
for EC1, EC2, the linker region, the hydrophobic core of each domain, and W2 (see Appendix). I
used a typical probe radius of 1.4 Å for all SASA calculations [177]. This was implemented using
the Tk Console in VMD.
Salt-bridge interactions were also calculated in VMD using the Salt Bridge extension in
VMD. Salt-bridges in over all 10,000 structures in the 200 ns trajectory. Oxygen-nitrogen distance
cutoff of 3.2 Å was used.
Lastly, the total, potential, and kinetic energies were verified using NAMD Plot in VMD.
This tool allows us to view large energy changes during the simulation. The overall energy should
be constant in the system, and large energy change may indicate unrealistic structures.
3.8 LIGPLOT+: PROTEIN INTERACTION SCHEMATICS
Because our lab is interested in atomic interactions at specific residues in these studies, I
used Ligplot+ to view schematic diagrams of protein-ligand interactions [178]. This requires
Cartesian coordinates of 3D structures such a s a PDB file. All structures of interest in the MD
simulation can be converted to PDB files in VMD and uploaded to Ligplot+. I used Ligplot+ to
analyze non-bonded interactions such as hydrophobic interactions, salt-bridges, and important
hydrogen bonds.
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CHAPTER IV
RESULTS

4.1 THE IMPACT OF THE HYDROPHOBIC CORE ON CADHERIN STABILITY
In order to address the second specific aim, I focused on analyzing the stability and rigidity
of N- and ECAD12 domains. According to the experimentation in our lab, cadherin domains have
high thermal stability for small globular domains. A possible explanation for the strength of
cadherin domain stability is the conserved hydrophobic core in each EC domain [98]. Across
different members of the cadherin family, EC domains contain a hydrophobic core consisting of
similar residues that contribute to domain rigidity [98].
In order to address cadherin stability, I first measured overall movement of each cadherin
domain during the molecular dynamics simulations. To calculate average change in distance of
atomic positions over time, each cadherin protein structure is superimposed on the previous
structure. The root-mean-square deviation (RMSD) is then calculated in angstroms (Å) to compare
the overall changes in the protein with time. Similar to the equilibration step in preparing cadherins
for molecular dynamics, large deviations in RMSD represent greater changes in atomic position
during the simulation. For the backbone of proteins, larger changes in RMSD may represent
cadherin sheet movement or folding changes. Side chain RMSD is also calculated to measure side
chain movement when the backbone of each protein is relatively stationary. Lastly, the overall
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residue RMSD is measured to include the atomic positional changes in backbone and side chain
combined.
N- and ECAD12 are hinge-bending proteins because the linker region functions as a hinge
by which EC1 and EC2 can move independently of each other. RMSD calculations rely on protein
structure alignment of backbone atoms to appropriately compare residue atomic deviation during
the simulation. Because EC1 and EC2 are able to move independently of each other, protein
alignment of the entire E- or NCAD12 structure results in inaccurate measurement of residue
deviation. To overcome this issue, I separately aligned EC1, EC2, and linker residues for each
stage of analysis. Each analysis was performed separately for these three sections to accurately
determine the movement of domain residues. For instance, RMSD of EC1 residues were calculated
by aligning all protein structures by EC1 backbone atoms and then calculating RMSD for only
EC1 residues. The same process was used to calculate EC2 and linker RMSD.
Over a 200 ns molecular dynamics simulation, I measured the RMSD of EC1 (residues 1
to 99) and EC2 (residues 107 to 213) of N- and ECAD (Fig. 4.1). In the first 5 ns, N- and ECAD12
monomer equilibrate to the conditions for the MD production phase. Once the system is
equilibrated, deviation in the backbone, side chain, and residue can be compared. Overall, EC1
and EC2 of these cadherins have small backbone, side chain, and residue RMSD deviation during
the simulation. For purposes of evaluation, I considered the last 150 ns of the simulation to contain
a reasonably, equilibrated, stable conformation. This is because the first 50 ns of each simulation
did not produce cadherin structures that were adequately stable for analysis.

64

Figure 4.1. RMSD ECAD12 and NCAD12 Domains. RMSD of E- and NCAD EC1 and EC2 backbone, side chain,
and residue. Left: ECAD EC1 (top) and EC2 (bottom) RMSD over 200 ns MD simulation. Right: NCAD EC1 (top)
and EC2 (bottom) RMSD over 200 ns.

After approximately 10 ns, NCAD2 reaches an equilibrated stable structure where the
RMSD variance becomes relatively steady for the span of the simulation. The backbone only
deviates approximately 1 Å from the initial starting structure on average, but the side chains in
NCAD2 change up to 2.5 Å from the initial starting structure. This indicates the backbone residues
are only varying slightly from the initial structure during the simulation which could be a result of
domain rigidity. However, NCAD2 side chains have a 2.5 Å increase in RMSD compared to the
starting structure. Although the backbone structure for NCAD2 is barely changing during this
simulation, side chain residues are more flexible and equilibrating to the production phase
conditions. This increases the RMSD for the overall residue due to side chain movement. As
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expected, the greatest increase in residue RMSD is during the initial 1-2 ns of the simulation.
During this time, the starting structure is introduced to the production phase parameters for MD
and greatly increases in RMSD; however, as the simulation continues for another 50 ns, the RMSD
value remains relatively constant. This indicates an equilibrated, stable conformation. The high
RMSD of NCAD2 side chain atomic positions results in an overall residue RMSD of 2 Å from the
initial starting structure. After equilibration, the backbone, side chain and residue atomic positions
of NCAD2 vary only 0.25 Å in RMSD between one structure and the next after 50 ns. Of the four
domains analyzed, NCAD2 has the smallest variation in RMSD and the least mobility during the
simulation. Although slightly higher in deviation, the same atomic positions of ECAD2 vary 0.5Å
in RMSD. RMSD values for ECAD2 are similar to NCAD2; however, the ECAD2 backbone has
higher RMSD during the simulation. This indications atomic positions of ECAD2 backbone are
fluctuating slightly more during the simulation, and NCAD2 has less overall mobility than
ECAD2.
Alternatively, equilibration of NCAD1 is difficult to determine. At approximately 50 ns,
the overall residue RMSD seems to steady around 2.5 Å from the initial starting structure.
However, the backbone of NCAD1 is constantly fluctuating during the simulation as evidence by
the backbone RMSD. This deviation expresses the high residue mobility of NCAD1 compared to
NCAD2. Addressing the last 150 ns of the simulation, the backbone, side chain and residue atomic
positions of NCAD1 vary by 0.50 Å in RMSD which is slightly higher than NCAD2 RMSD
variation. After 50 ns, ECAD1 seems to equilibrate at 2 Å from the initial starting structure.
Contrary to NCAD1, ECAD1 RMSD remains relatively steady during the last 150 ns of the
simulation. ECAD1 backbone, side chain, and overall residues have less RMSD variation of about
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0.25 Å during the simulation. When comparing domain 1, NCAD1 surprisingly has more overall
mobility than ECAD1. When comparing all four domains, NCAD2 is evidently the most rigid
while NCAD1 is the most flexible. I wanted to determine why NCAD1, the most thermally stable
domain, has the least rigidity compared to the other three domains studied.
The initial RMSD calculations for N- and ECAD12 domains were unexpected because
NCAD1 has significantly higher thermal stability compared to ECAD1. Each extracellular domain
has the same conserved barrel structure and, presumably, a similarly conserved hydrophobic core.
In order to determine which residues participated in the hydrophobic core, I first analyzed the
Overduin et. al. (1995) paper which outlines presumed core residues. Because these residues were
only assumed to be participatory in the hydrophobic core, I manually verified each residue
positioning during the simulation using VMD (Table 4.1). Some side chains described by this
study were hypothesized to stay buried and never exposed to solvent; however, these side chains
were usually proximal to another residue that stayed buried during the simulation. The buried side
chains were included in the hydrophobic core analyses.
Table 4.1 Hydrophobic Core Residues of NCAD12 and ECAD12
Domain

Residue

NCAD1

I7, L9, L21, V22, I24, Y36, V38, P51, G53,
L60, V62, L66, F74, L76, A78, I94, I96, V98

ECAD1

I7, C9, L21, V22, I24, Y36, I38, P51, G53,
L60, V62, L66, Y74, L76, S78, I94, I96, V98

NCAD2

G115, V130, Y147, I149, F162, I164, I171,
A175, L178, Y186, L188, I190, A192, A207,
A209
F113, G115, V130, S131, T134, Y148, I150,
M163, V165, I172, V174, L179, Y187, L189,
V191, A193, A207, I209, V211

ECAD2
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To address the mobility of the hydrophobic core residues in domain 1 compared to overall
RMSD deviation for cadherin EC1 domains, I measured the RMSD variation of the hydrophobic
core residues over the same 200 ns simulation (Fig. 4.2). Immediately noticeable, the RMSD of
ECAD1, ECAD2, and NCAD2 h-core backbone only varies from their respective initial starting
structures by approximately 0.5 Å. This deviation occurs at the beginning of the simulation (~1
ns) and remains steady for the remaining 199 ns of the simulation. Similarly, the h-core side chains
for each of these domains also equilibrates quickly and remains steady during the simulation.
These values significantly differ from overall E- and NCAD EC1 and EC2 RMSD (see Fig. 4.1).
The h-core backbone atoms have a lower RMSD change compared to the initial structure than
overall RMSD for both domains. This indicates h-core residues are present in more stationary
segments of cadherin. The rigidity of h-core backbone atoms compared to overall backbone atoms
may contribute to cadherin stability. After a 10 ns equilibration, the hydrophobic core of these
domains have the same small change in RMSD of 0.5 Å over the rest of the simulation. However,
the RSMD of NCAD1 h-core backbone is evidently different than the other three evaluated
domains. Although the side chains and overall residue RMSD varies from the initial starting
structure similarly to the other domains, NCAD1 backbone clearly has more mobility in the
hydrophobic core. After equilibration, the h-core of NCAD1has a higher RMSD variance of
approximately 0.5 Å during the simulation. The higher RMSD variance in NCAD1 may be the
reason for higher overall NCAD1 mobility seen in Fig. 4.1. Although the hydrophobic residues of
each domain in N- and ECAD12 have relatively low RMSD variance during the last 150 ns of the
simulation, NCAD1 has an evidently different h-core RMSD for backbone that I wanted to
evaluate.
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Figure 4.2. RMSD ECAD12 and NCAD12 Hydrophobic Core. RMSD of E- and NCAD12 backbone, side chain, and
residue for hydrophobic core residues. Left: ECAD EC1 (top) and EC2 (bottom) hydrophobic core RMSD over 200
ns MD simulation. Right: NCAD EC1 (top) and EC2 (bottom) hydrophobic core RMSD over 200 ns.

4.2 SOLVENT EXPOSURE CONTRIBUTION TOWARD CADHERIN STABILITY
In order to determine if the hydrophobic core is the reason for overall N- and ECAD12
domain stability, I compared the hydrophobic core of each domain for these cadherins. First, I
compared the average solvent-accessible surface area (SASA) of the h-core residues for each
domain (Table 4.2). This was performed by writing a VMD script to calculate the percentage of
solvent accessible surface area for hydrophobic core residues for each frame of the 200 ns
simulation compared to the surface area for the entire core. First, the SASA is calculated based on
the selected residues in Table 4.1 for each domain during the 200 ns simulation. This results in
10,000 SASA values for the 10,000 frames. These SASA values are then compared against the
surface area calculation for the entire hydrophobic core given it is completely exposed to solvent.
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Since the total surface area changes depending on the movement of the h-core, the total surface
area was similarly calculated for each frame of the simulation. The SASA for the h-core residues
is divided by the total surface area to provide a SASA percentage for the h-core per domain.
The SASA value for each domain represents the percentage of surface area exposed to
solvent for all hydrophobic core residues during the 200 ns simulation. During the MD simulation,
the structure with minimum h-core exposure to solvent for E- and NCAD1 had SASA values of
4.2% and 5.5% respectively. Similarly, E- and NCAD2 h-core residues had SASA values of 5.8%
and 3.1% respectively. This indicates that at the minimum exposure of hydrophobic core residues,
the hydrophobic core in each domain is minimally exposed (< 6%) compared to the total surface
area for all core residues. Notably, ECAD2 and NCAD1 have higher minimum SASA values for
the hydrophobic core which means these hydrophobic residues have a greater exposure to solvent
even at the most buried state compared to ECAD1 and NCAD2.
At the maximum solvent exposure end of the spectrum, E- and NCAD1 have h-core SASA
values of 13.2% and 15.7% respectively while E- and NCAD2 has SASA values of 13.0% and
11.1% respectively. Most notable, NCAD1 has the highest maximum SASA value for h-core
residues during the simulation at 15.7%. This value is significantly higher than NCAD2 or both
ECAD domains. However, NCAD2 has the lowest SASA maximum at 11.1% while ECAD EC1
and EC2 have similar maximums around 13%.
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Table 4.2 Average SASA Percentage of E- and NCAD12 Hydrophobic Core
Domain

EC1

EC2

ECAD12

NCAD12

Minimum

4.2%

5.5%

Maximum

13.2%

15.7%

Average

8.2 ± 1.1%

9.8 ± 1.2%

Minimum

5.8%

3.1%

Maximum

13.0%

11.1%

Average

9.0 ± 0.9%

5.9 ± 1.1%

H-core Side chain
Exposure (200 ns)

The combination of minimum and maximum SASA values for hydrophobic core residues
may explain the overall RMSD values of E- and NCAD12 in Fig. 4.3. NCAD1 has the highest
maximum hydrophobic core solvent exposure during the simulation with a SASA average of 9.8
± 1.2% while ECAD2 had the next highest average of 9.0 ± 0.9% and ECAD1 with 8.2 ± 1.1%.
Most notable, NCAD2 has the lowest average SASA percentage of 5.9 ± 1.1%. The minimum
exposure of hydrophobic core residues to external solvent may be contributive to the low variation
in overall RMSD for NCAD2 compared to the other extracellular domains.
Although solvent exposure may be important for the overall function of the hydrophobic
core for domain stability, the size of each domain core may also be an important indicator for the
differences in E- and NCAD domain mobility. According to the molecular dynamics simulation,
there are more residues that participate in the hydrophobic core for ECAD12 than NCAD12. These
are the residues that are non-polar, low mobility, and contribute to the overall rigidity of the EC
domains. I visually highlighted the difference in size of the hydrophobic core for E- and NCAD12
which may also be contributive to the higher RMSD of NCAD1 (Fig. 4.3). I originally believed
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the number of residues that contribute to the hydrophobic core may cause larger stability
differences between these extracellular domains. However, NCAD2 is the most rigid domain but
only has only 15 h-core residues compared to the 19 in ECAD2 (Table 4.1). The hydrophobic core
size may contribute to cadherin stability, but this needs further experimental study. To determine
the accuracy of the hydrophobic core residues proposed by Overduin et. al., I decided to measure
the overall fluctuation of residues during the simulation.

Figure 4.3. Comparison of ECAD12 and NCAD12 Hydrophobic Core. Side view of space-filling structure of ECAD12
(left) and NCAD12 (right) with hydrophobic core residues in yellow. EC1 is at the top and EC2 is at the bottom of
each cadherin structure.

Although I used different methods to test the stability of cadherin domains and hydrophobic
core residues, I wanted to determine the rigidity of protein segments containing hydrophobic core
residues. To do this, I measured the overall root-mean-square fluctuation (RMSF) for each residue
in E- and NCAD12 (Fig. 4.4). RMSF (Å) measures the average distance in fluctuation of atomic
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positions for each residue. The less fluctuation in the protein, the more rigid it is. The segments of
protein where hydrophobic core residues reside have the least RMSF over the length of the
simulation. In Fig. 4.4, the boxed areas highlight the hydrophobic core regions which have small
RMSF values varying around 0.5 Å. Alternatively, areas where there are no hydrophobic core
residues maintain loop segments of cadherin domains, residue RMSF is much higher. This is
evidently seen in ECAD E86 and NCAD N84 which have RMSF fluctuations of 2.5 Å and 1.8 Å
respectively. Upon further analysis of the highly fluctuating region in these cadherins involving
residue 81 to 91, I found that the loops on the top of EC1 in E- and NCAD fluctuate more than
other areas. The large RMSF of ECAD E86 is a result of a loop flip that occurred during the
simulation which will be discussed in further sections.
Upon first glance, E- and NCAD domains share the same trend in residue fluctuation with
rigid segments occupied by one or more hydrophobic core residues. ECAD has residues with the
highest RMSF around E86, but ECAD domains and hydrophobic core residues have a lower
RMSD variation than NCAD. One possible reason for this may be due to the higher RMSF values
for NCAD segments where hydrophobic residues are found. Although hydrophobic residues
rigidify similar segments between N- and ECAD, NCAD clearly has slightly higher RMSF for
residues in the hydrophobic core region. Because the hydrophobic core residues Overduin et. al.
proposes are all present in segments of cadherin with low RMSF, I believe the data supports the
proposed hydrophobic core residues; however, the areas where residue fluctuation is the lowest
correlate with β-sheet positions. The β-sheets are expected to have low fluctuation by nature, and
this may also relate to the low mobility in these areas. This stabilization effect may evidence the
importance of the hydrophobic core in stabilization of the extracellular domains and the
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contribution of the core residues toward rigidity through minimizing residue fluctuation.

Figure 4.4. RMSF ECAD12 and NCAD12 Residues. RMSF of ECAD12 (blue) and NCAD12 (red) residues during
200 ns molecular dynamics simulation. The residue number is on the x-axis, and RMSF is on the y-axis. Segments of
protein involving hydrophobic core residues identified by Overduin et. al. 1995 are boxed in bold [179].

4.3 LOOP MOBILITY IN CADHERIN DOMAINS
Although cadherin rigidity is important for overall domain stability, residues that have
large fluctuations in atomic position during the simulation may have important impacts cadherin
stability. Loop mobility is clearly important as the βA-strand for N- and ECAD require flexibility
for monomer-dimer exchange. The state between monomer and dimer ECAD outlined in Fig. 4.5
shows that an expected conformational change occurs at the N-terminus as the βA-strand undocks
W2 and extends toward a partner protomer to participate in strand-crossover exchange. Also
notable in the ribbon structure superimposition of monomer and dimer ECAD, the loops at the top
of EC1 also exhibit a conformational change with the greatest difference in residues 81 to 91. This
loop region is uniquely flexible because EC1 does not maintain a domain-domain interface at the
top where calcium ions can bind.
As stated, calcium ions bind to the linker regions between domain-domain interfaces to
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stabilize and rigidify cadherin extracellular domains. E11 in N- and ECAD pin the Aβ-sheet at the
bottom of EC1 through an interaction with calcium. Without the calcium binding domain-domain
interface at the top of EC1, these loop regions are free to move and interact with solvent and may
impact to domain stability.

Figure 4.5. ECAD Monomer versus Dimer Loop Mobility. RMSF of ECAD12 (blue) and NCAD12 (red) residues
during 200 ns molecular dynamics simulation. The residue number is on the x-axis, and RMSF is on the y-axis.
Segments of protein involving hydrophobic core residues are boxed in bold.

As discussed, residue 81 to 91 of E- and NCAD have high RMSF values during the
simulation. I wanted to address the significance of this high RMSF value in order to determine the
impact of loop mobility in cadherin domains. When evaluating this loop segment in E- and NCAD,
I saw the most mobile residues were at the top of EC1 for these cadherins. During the simulation,
the 81 to 91 loop is freely mobile in solvent and the backbone and side chain for each residue
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frequently changes position. Specifically, in ECAD1, this loop region conducts a 180° flip and
causes a conformational change evidenced by the high RMSF value (Fig. 4.6).

Figure 4.6. Loop Mobility: RMSF Fluctuation in Residues 81 to 91. RMSF values show high fluctuation in residues
81 to 91 in E- and NCAD12. The location of this loop region is at the top of EC1 visualized by ECAD1 Monomer and
Dimer (Fig. 4.6). This mobile region is the greatest contributor for EC1 movement in N- and ECAD.

Not only does loop mobility impact the overall rigidity of EC1 for cadherins, it also
emphasizes the importance of calcium at domain-domain interfaces. As explained, cadherin
extracellular domains with proper structure maintain a rigid connection of five extracellular
components that must stack to form an arm-shape. Without calcium at these domain-domain
interfaces, loop regions at the top and bottom of the relative disposition of each extracellular
domain is undefined. It is possible that the interfacial loop regions would be more exposed to
solvent and more mobile.
4.5 CONTRIBUTION OF LINKER MOBILITY TO CADHERIN RIGIDITY
The rigidity of EC1 and EC2 of N- and ECAD may contribute to the high thermal stability
for these cadherins, and the mobility of cadherin loops at domain interfaces may contribute to
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domain instability. Next, I evaluated the mobility and flexibility of the linker region for E- and
NCAD. As discussed, the seven-residue linker region is conserved between domain-domain
interfaces in E- and NCAD, and calcium depletion of cadherins results in flexible linker regions
that reduce stability and is detrimental to the adhesion ability of E- and NCAD. Although calcium
presence rigidifies loop regions at domain-domain interfaces to contribute to EC stability, adhesion
dependence on linker flexibility indicates that greater linker mobility is detrimental to cadherin
function even in the presence of calcium. In order to determine the differences in linker flexibility
between N- and ECAD12, I compared the RMSD for linker residues 100 to 106 in the presence of
calcium (Fig. 4.7).

Figure 4.7. Linker Residue RMSD for ECAD12 and NCAD12. ECAD12 (left) and NCAD12 (right) linker backbone,
side chain, and residue RMSD over 200 ns simulation.

Notably, the linker region of ECAD12 has significantly more mobility than NCAD12. In
some frames during the 200 ns simulation, ECAD residues deviate up to 2 Å compared to the 0.5
Å fluctuation for NCAD12 linker residues. The backbone residues for ECAD12 linker also exhibit
more mobility than for NCAD which indicates a conformational change in this area. Notably, the
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side chain residues have a large episodic increase RMSD in ECAD around 60 ns which causes a
large increase in overall residue RMSD. None of these attributes are exhibited in the NCAD12
linker RMSD for backbone, side chain, or overall residue. Because the linker region has
implications in cadherin stability, rigidity, and adhesive function, I decided to evaluate the
contribution of RMSD change in ECAD12 linker by pinpointing the exact molecular event that
caused this increase in RMSD. I superimposed a frame (A) of ECAD12 before the RMSD increase
noted at 50 ns, and I took another frame (B) at the height of the RMSD in the linker region.
Superimposition of frame A and frame B shows a conformational change in R105 of ECAD and
three other conformational contributions to RMSD of the linker region. To outline the differences
in frame A and B, I evaluated them side-to-side in Fig. 4.8.
Evidently, the R105 side chain of the linker region has a significant change in atomic
position which impacts the backbone and overall residue position. R105 alternates between two
ionic interactions with the carboxylic acid of E107 and the carbonyl group of the N102 backbone.
This same interaction is not seen in NCAD12 (Fig. 4.9).
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Figure 4.8. Mobile Residues in ECAD12 Linker. Fig 4.9: Frame A (left) and Frame B (center) of ECAD12 Linker.
E107, R105, L201, and N102 are represented as ball-and-stick structures. Calcium ions are shown in pink spheres.
Right: RMSD of ECAD12 linker region (Fig. 4.7). Frame A and Frame B are highlighted on RMSD graph.

Further evaluation and comparison of N- and ECAD linker differences shows a change in
residues 200 to 202 for ECAD12. This loop region fluctuates back and forth, and L201 pushes in
and out of the linker region. When L201 is pulled away from the linker region, R105 is able
participate in a hydrogen-bonding interaction with the N102 backbone. However, when L201
moves towards the linker region, it impedes the R105:N102 interaction by physically inserting
itself between the residues. Without N102 as a binding partner, R105 then participates in an ionic
interaction with the side chain of E107. The participation of R105 in dual binding partners
depending on atomic positions of L201 further highlights the implications of loop mobility on
cadherin EC rigidity.
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Figure 4.9. NCAD12 Linker Residues. Left: NCAD12 Linker region. E107, R105, L201, and N102 are represented
as ball-and-stick structures. Calcium ions are shown in grey spheres. Right: RMSD of NCAD12 linker region (Fig.
4.7).

Conversely, NCAD12 does not exhibit the same changes in linker RMSD. NCAD has a
leucine at L203 which is stationed where hydrophobic residues contribute to EC2 rigidity. Because
L203 is not located on the flexible loop region on NCAD12, there is low fluctuation that allows
for multiple ionic binding partners for R105. Instead, L203 is constantly inserted between R105
and the N102 backbone and prevents any interaction. Comparison in the side chain RMSD of L201
of ECAD and L203 of NCAD exhibit the difference in leucine mobility over the 200 ns simulation
(Fig. 4.10). L201 of ECAD has high RMSD values during the simulation which express the
fluctuation of leucine in and out of the R105:N102 pathway. Conversely, L203 of NCAD has little
fluctuation and continuously impedes R105:N102 interaction. The result is a sole R105:E107
interaction in NCAD12.
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Figure 4.10. Leucine Side chain RMSD Comparison. ECAD L201 (black) and NCAD L203 (red) side chain RMSD
comparison during 200 ns MD simulation.

Overall, loop mobility is important in cadherin stability. Freedom of loop mobility at
residues 81 to 91 on EC1 of N- and ECAD highlight the importance of calcium binding toward
loop stability and cadherin rigidity. Similarly, loop fluctuation of residues 200 to 202 impact linker
residue RMSD differences between N- and ECAD. Evaluation of mobility also gives insight to
important residues like leucine which may have contribution to cadherin stability in the linker
region which is a new experimentally testable hypothesis.
4.6 ELECTROSTATIC INTERACTIONS IN NEURAL AND EPITHELIAL CADHERIN
Our third specific aim was to evaluate the effect of electrostatics on the characteristics of
NCAD12 and ECAD12 monomer stability and behavior. ECAD1 has significantly greater surface
charge than NCAD1. This may impact dimerization kinetics, assembly, and disassembly of ECAD
and may contribute to the differences in dimerization affinity between E- and NCAD. However,
the scope of this thesis is to set up the monomeric studies for E- and NCAD for future dimer
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studies. Since monomeric salt-bridges were evaluated using MD, the impact of surface charged
residues for E- and NCAD12 dimer will be evaluated in future work. However, there are
electrostatic considerations in the monomer unit that need to be further understood.
As explained, E11 at the bottom of EC1 and the N-terminus at the top of EC1 are involved
in ionic interactions that increase strain in the monomer upon saturation of calcium. This strain is
relieved in the dimer state after strand-swapping and W2 docking between partner protomers.
Although the N-terminus:E89 salt-bridge mutation partially exposes W2, fluorescence studies
show that W2 is never fully undocked. In order to evaluate any secondary electrostatic interactions
that retain W2 in the hydrophobic pocket, I evaluated ionic interactions over the 200 ns simulation
for N- and ECAD12. Table 4.3 indicates attractive ionic interactions that are common to E-and
NCAD12.
The most important flaw in this MD study is a result of using the 1FF5.pdb crystal structure
to create both cadherin monomers. One protomer of this structure was used for ECAD12 monomer,
and the Aβ-strand of this structure was copied onto the NCAD12 monomer. As noted in Table 3.1,
1FF5 has an N-terminus methionine as a result of the author’s cloning procedure. This pulls the
N-terminus away from E89 even after removal of methionine (Fig. 4.11). Although there is a
known salt-bridge interaction between the N-terminus and E89, the N-terminus after removal of
methionine is still slightly pulled away from E89. This results in a conformation that causes the
N-terminus:E89 salt-bridge to be more difficult to form during MD simulations.
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Figure 4.11. Methionine effect on N-terminus Salt-Bridge Formation. 1FF5.pdb with N-terminus methionine (left)
versus truncated structure used for MD (right).

Table 4.3 Salt-bridges in NCAD12 and ECAD12
Salt Bridges in N- and ECAD12
N-terminus:E89*
D1:R25
D1: K30*
D29:K30
R68:D100
R68:D137
E69:R68
E89:R28
R105:E107
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There are 21 total salt-bridges in NCAD12 and 29 total salt-bridges in ECAD12. The
D1:K30 salt bridge interaction is seen in the 200 ns simulation in NCAD12 but not seen in the
ECAD12 MD simulation. This is explained by the 1FF5 crystal starting structure that resulted in
the N-terminus being pulled away from E89 (see Fig. 4.11). This interaction occurs
experimentally, but it is not directly observed in the time-frame of this experiment. Similarly, Nterminus:E89 salt-bridge is a known interaction that did not occur during the 200 ns simulation for
NCAD12. I treated these as implicit salt-bridge during the analysis of the MD results. The location
of these residues is outlined in Fig. 4.12.

Figure 4.12. Salt-Bridge Contacts in NCAD12 and ECAD12. Residues proposed to be involved in N-terminus/D1
salt-bridges in NCAD12 (left) and ECAD12 (right) in space-filling models. Charged residues are colored for positively
(blue) and negatively charged (red) residues.

D1 salt-bridge interaction with R25 and K30 in NCAD12 possibly explains the partial
exposure of W2 when the N-terminus:E89 salt-bridge is interrupted. During the 200 ns simulation,
it is clear that the N-terminus is not completely locked into an ionic interaction with E89. In times
where the N-terminus:E89 salt-bridge is broken, there are three observable states: D1: R25 salt-
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bridge, D1:K30 salt-bridge, or no salt-bridge at the N-terminus. In order to evaluate the magnitude
of W2 docking and undocking, I calculated and compared the SASA values for each state (Table
4.4). W2 with a higher SASA percentage indicates more exposure to solvent and more undocking.
Table 4.4 W2 SASA for ECAD12 and NCAD12
W2 Side Chain
Exposure
(200 ns Trajectory)

ECAD12

NCAD12

Minimum

0.3%

1.2%

Maximum

29.3%

33.4%

Average

6.9%

10.6%

1.1%

N/A

D1:K/R25 Salt Bridge

8.6%

11.4%

D1:K30 Salt Bridge

N/A

8.1%

N-terminus:E89 Salt
Bridge

Firstly, the NCAD12 N-terminus:E89 salt-bridge was not observed during this simulation.
As explained, this is likely due to the initial starting structure of 1FF5.pdb where the original
methionine artifact pulls the N-terminus away from E89. Although this was a flaw in the starting
structure for both E- and NCAD12, ECAD12 did form a salt-bridge between the N-terminus and
E89 during this simulation. This shows that the MD simulation is still useful for analysis of saltbridge interactions; however, NCAD12, by chance, did not make that specific salt-bridge contact
within the timeframe of the simulation. During the 200 ns simulation, the average SASA values
for ECAD12 and NCAD12 are 6.9% and 10.6 % respectively. The minimum and maximum SASA
values for ECAD and NCAD W2 occur when the N-terminus is not participating in any salt-bridge.
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Without any ionic interaction at the N-terminus to pin the βA-strand in place, W2 can move in and
out of the hydrophobic pocket freely including deeply burying or partially exposing itself. During
the simulation, W2 had a minimum W2 SASA values for ECAD and NCAD are 0.3% and 1.2%
respectively. Although the SASA value for W2 is 1.1% when the N-terminus:E89 salt-bridge is
intact, the lack of a spatially restrictive salt-bridge allows W2 to bury itself deeper into the
hydrophobic pocket. Alternatively, the maximum W2 SASA values 29.3% and 33.4% for E- and
NCAD respectively. This is significantly higher than the average W2 SASA exposure. Although
W2 can bury itself deeply, W2 is also more likely to expose itself without being pinned down by
a salt-bridge interaction. This signifies that W2 varies from barely exposed to almost 1/3 exposure
to solvent during the simulation. The SASA value of 1.1% for the N-terminus:E89 salt-bridge state
of ECAD is significantly lower than the average for these cadherins. When the N-terminus:E89
salt-bridge is intact, W2 is deeply buried in the hydrophobic pocket and minimally exposed to
solvent. When the D1 is involved in a salt-bridge with K25 of ECAD and R25 of NCAD, the
SASA increases to 11.4% and 8.6% respectively. Although this is higher W2 exposure than when
the N-terminus:E89 salt-bridge is intact, the D1:R/K25 salt-bridge only partially exposes W2 and
may be an explanation of the partial exposure of W2 when preferred salt-bridges are unavailable.
Lastly, D1 can be involved in a salt-bridge with K30 which is seen in NCAD during the simulation.
The W2 SASA value when D1 is involved in a salt-bridge interaction with K30 is 8.1% in NCAD.
Although it was not observed during the time-frame of this simulation, I believe the D1:K30
interaction is also possible in ECAD. This SASA value is comparable to W2 exposure when the
D1:R/K25 salt-bridge is intact.
Salt-bridges are clearly important in stabilizing the βA-strand and W2 docking. To
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highlight the impact of these states, W2 exposure in three salt-bridge states is shown in Fig. 4.13
for ECAD. When ECAD monomer has a N-terminus:E89 salt bridge, W2 is sufficiently buried
with little solvent exposure. Presumably, NCAD also has these same properties. Although previous
papers have proposed that dissolution of this salt bridge causes complete undocking of W2
(Harrison 2005), experimentation from our lab determined W2 is only partially exposed to solvent.
The additional salt-bridges between D1 and K/R25 and K30 in E- and NCAD may form when the
N-terminus:E89 salt-bridge is unformed or incapable of formation thought mutation (E89A).
When D1 is involved in a salt bridge, the W2 SASA is exposed between 8.1% to 11.4% in N- and
ECAD; however, this is only partial exposure of W2. When no salt-bridge exists at the N-terminus,
W2 fluctuates in and out of the hydrophobic pocket and has a maximum SASA value of 29.3%
during the simulation. Although there are several instances where the N-terminus:E89 salt-bridge
is broken and D1 is not participatory in any salt-bridge interactions, W2 never becomes fully
undocked and exposed to solvent. This is consistent with the hypothesis that W2 does not become
fully exposed to solvent in the monomer because of the high energetic penalty.
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Figure 4.13. W2 SASA of ECAD Versus Salt-Bridge State. Space filling model of ECAD1 with D1 colored in red
(negative charges), blue (positive charges) and cyan (neutral charges). W2 exposure is outlined in lime green. No saltbridge (left), N-terminus:E89 salt-bridge (center), and D1:K25 salt-bridge (right). Exposure of W2 is greatest with no
salt-bridge, minimized with the D1:K25 salt-bridge, and completely buried with the N-terminus:E89 salt-bridge.

4.3 MUTATION STUDIES IN NEURAL AND EPITHELIAL CADHERIN
To complete the fourth specific aim, I evaluated the effect of proline and X-dimer residue
mutation on the interactions within monomer E- and NCAD. The main interaction changes I
wanted to observe were in residue 14 and 16 of these cadherins, so I used the wild-type E- and
NCAD12 monomer MD simulation results as a comparison tool. I calculated interactions of
residue 14 and 16 of monomeric E- and NCAD by Ligplot+ analysis to compare versus the dimeric
form and mutated monomer studies (Fig. 4.14). The results based on each residue mutation for
these cadherins are discussed in sections below.
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Figure 4.14. Ligplot+ Analysis of Residue 14 and 16 of ECAD and NCAD. Ligplot+ interactions of NCAD (left) and
ECAD (right) monomer at Residues 14-16 (blue) and the associative interactions with other residues (green).

4.3a K14/R14 Mutations in ECAD and NCAD
The first mutation studies I conducted were on K14 of ECAD and R14 of NCAD. In the
X-dimer for ECAD, K14 is a critical residue involved in an ionic bond with D138 in the
intermediate structure of monomer-dimer exchange. K14E mutation studies show a profound
decrease in ECAD12 dimerization kinetics. Although the removal of lysine through mutation
shows dimerization assembly attenuation, based on studies of similar mutations in NCAD12 I
believe the resulting kinetic differences are due to the addition of negatively charged glutamate. I
want to measure the atomic interactions in the K14E mutant that account for the kinetic differences
between wild-type (WT) and mutated ECAD. However, the impact on dimerization kinetics needs
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to be further studied in strand-swapped dimer and X-dimer MD simulations. Although conduction
of MD studies on K14E dimer and X-dimer are in progress, I focused on ECAD WT and K14E
monomer to address the specific aims for this thesis. I conducted MD simulations on ECAD K14E
monomer across a 100 ns trajectory.
First, I used Ligplot+ to evaluate the interactions near K14 in the monomer and dimer states
of WT ECAD12 (Fig. 4.15). As expected, comparison of the monomer and dimer interactions near
K14 show few differences. Because of EC1 orientation in the strand-swapped dimer state is cis
between opposing protomers, K14 and D138 are too far apart to interact. In monomer and dimer
states, K14 maintains intramolecular salt-bridge with E13. However, in the X-dimer intermediate
structure, K14 and D138 increase in proximity as EC1 domains align face-to-face in preparation
for strand-swapping.
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Figure 4.15. Ligplot+ Comparison of K14 in ECAD monomer and Dimer. Ligplot+ interactions of ECAD monomer
(left) and dimer (right) residues 14-16 (blue) and the associative interactions with other residues (green).

In the X-dimer state, ECAD K14 is involved in an ionic interaction with D138 (Fig. 4.16)
rather than E13. This bond is strong because D138 has a carboxyl and carbonyl oxygen that make
two possible K14:D138 hydrogen bonds. Also, an alternative salt-bridge is possible with K14 and
the carbonyl backbone of T141. This further stabilizes the ionic bonds as multiple salt-bridge
contributions in the same region strengthen the interaction. Clearly, depletion of X-dimer
contributing residues in ECAD attenuates dimerization kinetics, and our lab is interested in the
atomic interactions that occur in K14E mutation.
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Figure 4.16. Structure and Interaction Analysis of R14 in ECAD X-Dimer. Left: Ribbon structure of 1FF5.pdb
ECAD12 X-Dimer [59]. W2 (cyan) is shown self-docked in the hydrophobic pocket of its respective EC1 domain for
both protomers. Aspartic acid (pink) and lysine (green) are represented as ball-and-stick structures participating in a
trans-protomer ionic interaction. Calcium ions are represented as blue spheres. Right: Ligplot+ interactions of ECAD
X-Dimer at residues 14-16 (blue) and the associative interactions with other residues (green). K14 and D138 are shown
to be in an ionic interaction.

Because the scope of this thesis focuses on MD simulations for monomeric protein, I
conducted MD simulations on ECAD12 K14E monomer over a 100 ns trajectory. I then analyzed
changes in residue interaction of ECAD12 K14E (Fig. 4.17) versus WT.
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Figure 4.17. ECAD K14E Monomer Residue Interactions. Ligplot+ interactions of ECAD K14E monomer residues
14-16 (blue) and E14 interactions with other residues (green).

We expect that the K14E mutation of ECAD12 mutant eliminates the K14:D138 saltbridge in the dimer structure although this effect is not observed in these monomeric studies. When
lysine is mutated to glutamate in the monomer structure, there is an evident repulsion between E13
and E14 side chains. The combination of glutamate at position 14 and 13 in close proximity results
in a larger distribution of negative charge on the surface of the protein. Because ECAD12 is an
anionic protein and EC1 has many surface charges, I expect that the addition of glutamate in K14E
contributes to further repulsion of EC1 domains during dimerization.
Similar to ECAD K14, R14 mutation to glutamate in NCAD results in attenuation of
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dimerization kinetics. We believe these affects are seen due to the additional surface charge
glutamate adds to the anionic protein which then impacts dimerization assembly and disassembly.
When R14 is mutated to glutamate in the dimer form, dimerization kinetics are attenuated by the
presence of the an additional negatively charged residue. Although the thesis focus is on
monomeric cadherins, the full impact of these mutations in dimerization kinetics can only be seen
in dimeric studies. Computational studies of dimeric structures on mutants of R14 are currently in
progress, and will continue in future work.
In order to evaluate the differences of R14 interactions in monomer and dimer, I used
Ligplot+ to compare wild-type monomer and dimer NCAD12 (Fig. 4.18.) The only evident
interaction seen in this figure is the hydrophobic interaction between R14 and N12 backbone
residues.
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Figure 4.18. Ligplot+ Comparison of NCAD R14 monomer and Dimer. Ligplot+ interactions of NCAD monomer
(left) and dimer (right) residues 14-16 (blue) and the associative interactions with other residues (green).

N12 is a calcium chelator at site 1 for N- and ECAD and stays pinned into the linker region
of the EC1-EC2 domain. Hydrophobic interaction with the backbone of N12 causes arginine to be
repelled away from the linker region and extend out of EC1 in the monomer and dimer form (Fig.
4.19). When two NCAD12 protomers come together, R14 from the two EC1 domains increase in
proximity. Fortunately, N- and ECAD are anionic proteins and the positive charge contributed by
R14 is overcome by negative surface charges on EC1. However, when NCAD is mutated to R14E,
the addition of negative surface charges causes an electrostatic repulsion as cadherin protomers
come together. In turn, this mutation decreases the dimerization kinetics for NCAD and attenuates
dimer assembly.
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Figure 4.19. R14 and N12 Interactions in NCAD Monomer and Dimer. N12 (white) and R14 (blue) ball-and-stick
structures in NCAD12 monomer (A) and dimer (B) [45].

For the scope of this thesis, I wanted to evaluate the effects of the R14E mutation in NCAD
monomer and compare the resultant structure to wild-type. MD studies were conducted on
NCAD12 R14E over a 100 ns trajectory and evaluated using Ligplot+ (Fig. 4.20). The addition of
glutamate at position 14 results in similar hydrophobic interaction with the backbone of N12 as
wild-type (WT) NCAD. This indicates that N12 repels glutamate away from the linker region
which causes E14 to extend from the side of EC1 as seen in WT. E14 is highly exposed on the
surface of EC1 where the negative charges can contribute greater anionic surface charges.
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Figure 4.20. NCAD R14E Monomer Residue Interactions. Ligplot+ interactions of NCAD R14E monomer residues
14-16 (blue) and the associative interactions with other residues (green).

Although these studies focused on the mutation effects in monomer NCAD, I believe the
addition of glutamate in this region is the reason behind attenuation of dimerization kinetics. As
mutant partner protomers increase in proximity to dimerize, their E14 residues will also increase
in proximity. In combination with the largely anionic protein and increased negative surface
charge, dimerization assembly affected due to electrostatic repulsion due to the addition of
glutamate.
Clearly, the addition of glutamate in E- and NCAD is detrimental to dimerization kinetics.
However, the reason that mutation of K14 or R14 attenuates dimerization kinetics is still not
understood. Previous studies implied removal of K14 and R14 are the motivators behind
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dimerization kinetics change in ECAD and NCAD respectively. The experimentation conducted
by our laboratory shows the impact of glutamate addition is the more likely contributor for the
attenuation of dimerization assembly. In addition to these experimental results, evaluation of
ECAD K14E and NCAD R14E monomer gives insight on how glutamate adds electrostatic
penalties in cadherins.
4.3b E16/P16 Mutations in ECAD and NCAD
Previous experimental work on P5A P6A double mutants of N- and ECAD indicated that
their presence contributed to a relative destabilization of the dimer relative to the monomer. Any
other amino acid in positions 5 and 6 can form H-bonds between backbone atoms at the strand
swapped interface. The unique properties of proline drew our attention to the fact that position 16
is a non-conserved proline position. NCAD has P16. ECAD has E16. This thesis covers the MD
simulation on P16E mutant of NCAD and the E16P mutant of ECAD. Experimental studies of
these mutants are currently underway in the lab.
MD simulations were conducted on ECAD E16P and NCAD P16E monomers over a 100
ns trajectory. RMSD and RMSF differences in domain rigidity and residue fluctuation of
ECAD/E16P and NCAD/P16E compared to their WT counterparts were minimal. Preliminary
analysis of ECAD/E16P versus ECAD/WT (Fig. 4.21) and NCAD/P16E versus NCAD/WT (Fig.
4.22) was performed in Ligplot+.
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Figure 4.21. Ligplot+ Comparison of ECAD WT vs. E16P. Ligplot+ interactions of ECAD WT (left) and E16P (right)
residues 14-16 (blue) and the associative interactions with other residues (green).
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Figure 4.22. Ligplot+ Comparison of NCAD WT vs. P16E. Ligplot+ interactions of NCAD WT (left) and P16E (right)
residues 14-16 (blue) and the associative interactions with other residues (green).

Similar hydrophobic and ionic interactions are found in the WT and mutant structures.
Dimer MD simulations for E16P and P16E are necessary to properly compare the effect of
mutations at residue 16 for ECAD and NCAD respectively.
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CHAPTER V
DISCUSSION

5.1 SUMMARY
The main focus of this thesis is to evaluate computationally the structure and functional
differences between N- and ECAD to complement specific experimental data in our lab. This focus
is addressed in specific aim 2. N- and ECAD are highly thermally stable for small globular
domains, and NCAD1 has especially high thermal stability. RMSD plots comparing EC1 and EC2
of E- and NCAD show that the extracellular domains are rigid and maintain minimal overall
movement throughout the MD simulation. Each domain shows little change in RMSD during the
200 ns simulation with NCAD2 being the most rigid domain. This may be linked to the rigid hcore of NCAD2 that fluctuates less than h-core residues in other domains.
We proposed that the h-core is important to rigidity and stability of N- and ECAD
extracellular domains. The h-core is conserved in all cadherin domains, but the size and influence
of core residues varies between N- and ECAD domains. RMSD values for cadherin EC domains
show that NCAD2 has the most rigid h-core residues that have the lowest overall fluctuation during
the simulation. Conversely, NCAD1 has the least rigid h-core residues and greatest overall
fluctuation of residues during the simulation. This information is consistent with the SASA studies
of the h-core which show that NCAD2 has the lowest SASA value for h-core residues while
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NCAD1 has the highest values comparatively. This implies that solvent exposure of h-core
residues affects hydrophobic core rigidity and, in turn, impacts overall cadherin domain rigidity
and stability. To compare the impact of h-core rigidity differences between N- and ECAD residues,
the fluctuation of each individual residue was determined during the simulation.
Although ECAD1 has higher residue RMSF specifically in the 81 to 91 loop region,
NCAD1 has higher overall RMSD variation during the simulation. This can be explained by
evaluating the h-core residues in NCAD1 in comparison to ECAD1. The h-core residues of
NCAD1 have higher fluctuation and seemingly have a greater impact on the overall RMSD of EC1
compared to ECAD1. Although ECAD1 has higher residue and loop flexibility, there is less
mobility in hydrophobic core residues which results in less overall RMSD change for ECAD1
during the simulation. This implies the presence of a rigid h-core is more important than the lack
of flexible loop regions in the stability of cadherin EC domains.
Although the experimental data indicates that NCAD12 is more stable than ECAD12, and
NCAD1 is the most thermally stable domain, the SASA projections are counterintuitive to
previous conclusions about NCAD1. The possible flaws of this data analysis may stem from the
original h-core residues indicated by Overduin et. al. (1995) which have not been verified
experimentally. Also, NCAD1 contains the residues mutated to create a self-docked monomer.
The creation of a self-docked monomer may have contributed to the instability of NCAD1. The hcore residues provided by this paper are only assumed, and actual residues participating in it are
not concretely understood; however, the RMSF data indicates that protein segments with low
fluctuation all contain h-core residues proposed by Overduin et. al. NCAD1 has a high RMSD
variation that may be explained by the high SASA of hydrophobic core residues in EC1.
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Recent studies in our lab by Samantha Davila directly link the spontaneous formation of
an apo NCAD1 dimer to the formation of a hyper-stable form of NCAD1 (hs-NCAD1). This hsNCAD1 monomer forms as a result of formation of the NCAD1-NCAD1 dimer, implying that the
h-core of the NCAD1 monomer rearranges when dimer forms. The persistence of the hyper-stable
NCAD1 monomer depends upon the means by which the NCAD1-NCAD1 dimer disassembles
(heat to 45 °C or 2 M Guanidine HCl). The hyper-stable monomer persists (Tm = 70 °C) in a
thermal denaturation experiment after the dimer disassembles (Tm = 45 °C). This does not persist
if the sample is heated to 45°C, and then cooled and then re-heated. There may be a kinetic
component to the re-arrangement of the h-core residues after the dimer disassembles. In these
experimental studies, only NCAD1 shows this unusual multiple stable native states.
The residues with the greatest RMSF occur at the top of EC1 for N- and ECAD where there
are no calcium binding sites. I conducted the MD simulation in the presence of calcium, so the
EC1-EC2 interface is calcium-saturated. This pins down otherwise flexible loop regions in calcium
binding interactions which rigidifies and stabilizes the cadherin protein. Because there is no
domain-domain interface at the top of EC1, these flexible loop regions are able to move freely and
interact with solvent. Without calcium present at the domain-domain interfaces, the position of
flexible loop regions would destabilize the protein due to electrostatic repulsion of the anionic
residues that normally chelate calcium. This indicates the critical importance of calcium in N- and
ECAD stability exhibited in published experimental results for our lab.
The stability and function of cadherin depends on the two the EC domains and the linker
region. Linker flexibility is detrimental to cadherin adhesion, and linker RMSD comparison
highlights a critical difference in N- and ECAD domain mobility at R105. In NCAD, R105
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participates in one ionic interaction with E107; however, R105 participates in an ionic interaction
with E107 and an H-bond N102 in ECAD. In ECAD, L201 is present on a flexible loop region of
EC2 and fluctuates in and out of the linker region. When L201 is in the linker region, it impedes
R105 interaction with N102 in ECAD. In this state, R105 solely makes an ionic interaction with
E107. When L201 moves away from the linker region, R105 is free to interact with the backbone
of N102. This interaction is not seen in NCAD because leucine resides at position 203 instead of
201. L203 is situated on a rigid segment of EC2 where hydrophobic residues restrain the movement
through participation with the h-core. Instead moving out of the way to allow R105:N102
interaction, L203 continuously blocks R105 interaction with N102 which only allows the
R105:E107 interaction. This results in the change in linker RMSD to be significantly lower in
NCAD12 than ECAD12 during the simulation. Contribution of leucine to linker fluctuation may
contribute to differences in dimerization kinetics between N- and ECAD through destabilization
of the linker region.
Although the N-terminus:E89 salt-bridge is critical to proper W2 docking and
dimerization, mutation of E89A does not completely undock W2. The fluorescence studies done
by our lab show that W2 becomes more accessible to solvent by becoming partially exposed in the
E89A mutant; however, contrary to other proposals, W2 never fully undocks from the hydrophobic
pocked regardless of the N-terminus:E89 salt-bridge destruction. I propose that the βA-strand and
W2 docking is actually stabilized by a series of salt-bridge interactions involving the Nterminus:E89, D1:K30 and D1:R25 in NCAD and D1:K25 ECAD. By measuring SASA values
for W2 in each salt bridge state compared to no salt-bridges, the N-terminus:E89 salt-bridge results
in the least W2 SASA (~1%) and greatest stability for docking. However, the D1:K/R25 and
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D1:K30 salt-bridge interaction in E- and NCAD result in low SASA values (~8-11%) for W2 in
the absence of the N-terminus:E89 salt-bridge. Although W2 SASA is higher for D1 salt-bridges,
W2 solvent exposure is significantly higher without any salt bridges (~30%). Clearly, salt-bridges
are critical for minimizing the SASA for W2 in the hydrophobic pocket, but removal of all saltbridges still shows W2 only partially exposed. The N-terminus/D1 of N- and ECAD are likely
stabilized by a series of salt-bridge interactions rather than being solely locked into a salt-bridge
with E89. Although E89 has been mutated to E89A to disrupt W2 docking, I propose mutation of
K30 and K25 of ECAD and R25 of NCAD to alanine will increase W2 solvent exposure and
instability of the monomer structure. This process will increase strain in the monomer relative to
dimer and change the monomer-dimer equilibrium further than an E89A mutation alone.
The X-dimer mutation studies on K14E and R14E of N- and ECAD show the importance
of glutamate addition on the surface of EC1 domains. In the X-dimer model, K14 is necessary for
salt-bridge formation, and mutation to E14 causes attenuation of dimerization kinetics due to
abrogation of the K14-D138 interaction at the X-dimer interface. In K14E, two glutamates are
found at position 13 and 14 which contribute to anionic charge at the surface of EC1. When
protomers come together, I believe electrostatic repulsion lessens dimerization assembly. The
combination of critical K14-D138 salt-bridge loss and increase of negative surface charge in the
K14E mutant contribute to a reduction in overall dimerization assembly of anionic ECAD12.
In NCAD the residue at position 14 is arginine, and R14 is not shown to participate in a
salt-bridge interaction with P138. However, mutation of NCAD to R14E results in attenuation of
dimerization assembly similar to ECAD K14E. Experimental data are consistent with the
attenuation of dimerization kinetics in the R14E mutants being due to the presence of the glutamate
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in position 14 and not due to the loss of R14. E14 is present on the surface of EC1 and contributes
to an increase in surface charge on anionic NCAD. The same electrostatic argument for K14E
applies for R14E because dimerization requires proximity between EC1 domains of two
protomers. When glutamate is introduced to the surface of NCAD, dimerization between two
anionic NCAD protomers becomes more difficult due to an increase in electrostatic repulsion.
Because NCAD does not contain any salt-bridge at R14, the likely contributor for dimerization
assembly attenuation is the addition of glutamate.
In contrast to the alanine mutations at P5 and P6, NCAD12 P16A shows decreased
dimerization affinity and assembly kinetics. Mutation to P16A decreased assembly half-time and
the equilibrium constant (Kd) for NCAD12. However, the same residue in ECAD is E16. In
computational work reported here, I mutated of NCAD P16E and ECAD E16P and conducted MD
simulations over 100 ns trajectories. I expect P16E to have faster dimerization kinetics and lower
dimerization affinity similar to ECAD12. The addition of glutamate also increases surface charge
on EC1 of NCAD which should also decrease dimer affinity due to electrostatic repulsion. It is
also possible that ECAD/E16P would display a calcium-dependent effect on dimerization kinetics
and higher dimerization affinity similar to NCAD12. The removal of glutamate from the surface
of EC1 may also promote dimerization of ECAD12. This work is still preliminary and ongoing,
and the results for these proline mutants are inconclusive.
5.2 FUTURE WORK
My final specific aim is to utilize results from these molecular dynamics studies to develop
new testable hypotheses. The h-core is evidently critical to the rigidity of cadherin domains and
even the linker region. Our lab wants to conduct further studies on hydrophobic core residues by
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evaluating the size and strength of h-core. Our lab wants to mutate critical h-core residues and
measure the impact on thermal stability of N- and ECAD domains. We expect mutation of h-core
residues to polar residues will result in destabilization of cadherin EC domains.
Our lab is also interested in studying the effects of Leu201/203 in EC1and EC2 stability of
E- and NCAD respectively. Clearly, leucine has an important role in the ionic interactions that
occur at the linker region. Our lab wants to mutate L201 and L203 to alanine to measure the impact
of a smaller side chain on linker flexibility. Without the larger leucine side chain impeding
R105:N102 interactions, we expect NCAD12 to exhibit R105:E107 and R105:E102 interactions.
This will possibly destabilize the linker region to be similar to the linker region of ECAD12. We
expect that thermal stability will decrease for NCAD12 L203A and ECAD12 L201A by further
destabilizing the linker region.
Electrostatic interactions in the monomer are also a point of interest. The N-terminus:E89
salt-bridge interaction at EC1 of N- and ECAD is important to proper docking of W2 in the
hydrophobic pocket and overall stability of the monomer structure. E89A mutation removes this
salt-bridge, destabilizes the monomer, and drives dimerization to relieve energetic strain. W2 is
never fully exposed during this process, and our lab believe the Aβ-sheet is stabilized by a series
of salt-bridges involving the N-terminus:E89, D1:K30, and D1:K25 of ECAD and D1:R25 of
NCAD interactions. Our lab wants to conduct mutation studies on R25 or K25 and K30. We expect
depletion of salt-bridges at for the N-terminus to increase W2 exposure measurable by
fluorescence and destabilize the monomer structure. This will change the monomer-dimer
equilibrium and drive dimerization greater than just E89 mutation alone.
The scope of this thesis involves MD studies on monomeric N- and ECAD12. Our lab
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wants to utilize the monomer structures for molecular dynamics studies as a comparison tool for
future dimer studies on N- and ECAD12. Importantly, we want to study all stages of monomerdimer exchange in cadherins. Although the monomer structure is the starting state for monomer to
dimer exchange, we also want to conduct MD studies on the intermediate X-dimer structure for
ECAD and the strand-swapped dimer structures for N- and ECAD. Evaluation of each stage of
monomer-dimer exchange will give us insight on the atomic changes and interactions that occur
during strand-swapping in cadherins. MD studies for all three of these dimer structures have been
started but are currently ongoing.
We are also interested in studying dimer structures for electrostatic purposes. ECAD has
higher surface charges than NCAD, and our lab wants to evaluate the impact of K14E/R14E
mutations on dimer ECAD12 and NCAD12 respectively. We expect K14E to reduce dimerization
by impeding X-dimer formation. Although the intermediate structure of NCAD is not known, we
expect the addition of glutamate in NCAD to reduce dimerization. Although MD simulations were
analyzed for monomeric cadherins, evaluation of surface charge impact is determinant on the
dimer structure. However, our lab needs the monomer structure as a comparison took to future
dimer studies so the monomeric mutations are necessary and useful for future work. We have
started MD simulations for NCAD R14E dimer, NCAD R14E X-enabled Dimer, ECAD K14E
dimer, and ECAD K14E X-dimer. These experiments are ongoing.
Lastly, our lab wanted to measure the effects of proline mutation in N- and ECAD dimer.
MD simulations were conducted on monomeric ECAD12 E16P and NCAD P16E. In order to
determine the effects of proline on the monomer-dimer equilibrium of E- and NCAD our lab need
to conduct MD studies on dimer. Monomeric studies are important for comparison, but the effect
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of prolines is inconclusive until dimeric studies are performed.
In summation, molecular dynamics was a useful tool in accomplishing the goals for this
thesis. I was able to complete the specific aims set for this thesis by: using a MD method to study
N- and ECAD12 behavior, evaluating the intramolecular interactions that contribute to N- and
ECAD12 domain stability, evaluating the effect of specific electrostatic interactions on the
disposition of W2 in N- and ECAD12, evaluating the intramolecular interactions of proline and
X-dimer mutations compared to WT N- and ECAD12, and, lastly, develop new testable hypotheses
using molecular dynamics results.
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APPENDIX A: ROOT-MEAN-SQUARE FLUCTUATION SCRIPT
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RMSF for this project was calculated using a TCL script developed by Kipp Johnson.
This script generates RMSF for all residues based on pre-aligned structures performed in VMD.
Because of the linker region hinge bending previously described, each domain and linker region
must be separately aligned for RMSF calculations. After alignment of all MD structures by EC1
residues, I executed this script to obtain EC1 residue RMSF. Then, I aligned EC2 and repeated
the process. Lastly, I aligned all MD structures by the linker region and repeated the process. The
final RMSF across all residues is the combination of the three output files: RMSF for EC1, EC2,
and the linker region.
# Kipp <kippjohnson@uchicago.edu>
# for questions
#
# To run this file, from the TK console
# type "source RMSF.tcl" (without quotes)
# with a trajectory already loaded in VMD
#
# Script calculates RMSF of each
# backbone CA in your molecule
#
# Set output name below (in quotes)
set outfile [open "(name of textfile.dat)" w]
set sel [atomselect top all]
set sel0 [$sel num]
set sel [atomselect top "residue 0 to $sel0 and name CA"]
# Change the number below to change steps that are skipped
# When calculating RMSF (suggest 5 or 10) {equiv. to "stride"}
set stepsize 10
set nframes [molinfo top get numframes]
set nframes2 [expr $nframes - 1]
# Comment out below line if you do not want a header in output
puts $outfile "Residue \t RMSF"
for {set i 0} {$i< [$sel num]} {incri} {
set rmsf [measure rmsf $sel first 1 last $nframes2 step $stepsize]
puts $outfile " [expr {$i+1}] \t [lindex $rmsf $i]"
}
close $outfile
# output will be file with two tab-seperated columns
132

# first column = residue number
# second column = RMSF
#
# the following R code will produce a quick plot
# Just input data file location
#
# par = mfrow(1,1)
# rmsf = read.table("<rmsf.dat-file-location>",header=TRUE, sep="\t")
# plot(rmsf$V1, rmsf$V2, type="l", col="RED", xlab="Residue Number",
ylab="RMSF (Ã…)")
#
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APPENDIX B: SASA CALCULATION SCRIPTS WRITTEN FOR THIS PROJECT
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SASA calculations were made on EC1, EC2, Linker residues, W2, and the hydrophobic
core residues of NCAD12 and ECAD12. Each SASA script was modified to reflect the correct
residue number pertaining to the domain or residue of interest. The first residue starts at 0;
therefore, D1 is assigned ‘residue 0’.
A2.1 SASA Script for Residue SASA calculation
set outfile [open ECAD_EC1_W2.txt w]
set nf [molinfo top get numframes]
set all [atomselect top "resid(insert residue numbers)"]
for {set i 0} {$i<$nf} {incri} {
$all frame $i
$all update
set sasa [measure sasa 1.4 $all]
puts $outfile "Frame $i, SASA $sasa"
}
close $outfile
A2.2 SASA Script for SASA percentage calculation
set sel [atomselect top "residue (insert residue numbers)"]
set protein [atomselect top "protein"]
set n [molinfo top get numframes]
set output [open "(insert textfilename.dat)" w]
# sasa calculation loop
for {set i 0} {$i< $n} {incri} {
$sel frame $i
$sel update
set sasatotal [measure sasa 1.4 $sel]
molinfo top set frame $i
set sasa [measure sasa 1.4 $protein -restrict $sel]
puts "\t \t progress: $i/$n"
puts $output "$i $sasa $sasatotal [expr $sasa / $sasatotal * 100]"
}
puts "\t \t progress: $n/$n"
puts "Done."
close $output
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